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Abstract  of  Dissertation  Presented  to  the  Graduate  School 
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Requirements  for  the  Degree  of  Doctor  of  Philosophy 

NOISE  CHARACTERIZATION  AND  DEVICE  MODELLING 
OF  QUANTUM  WELL  INFRARED  PHOTODETECTORS 

By 

Daniel  C.  Wang 
May  1996 

Chairman:  Gijs  Bosman 

Major  Department:  Electrical  and  Computer  Engineering 

A  complete  DC  and  noise  characterization  of  III-V  semiconductor  quantum  well 
infrared  photodetectors  (QWIPs)  designed  for  8-12/im  infrared  detection  is  presented. 
These  devices  consist  of  multiple  periods  of  quantum  well  and  superlattice  or  bulk 
barrier  layers  grown  by  Molecular  Beam  Epitaxy  (MBE)  technique  using  GaAs  and 
InP  based  ternary  compound  semiconductor  materials.  Photodetection  is  based  on 
photon  induced  electron  or  hole  intersubband  transitions  between  the  localized  ground 
states  inside  the  quantum  wells  and  the  continuous,  non-localized  states  of  the  bulk 
barrier  layers  or  miniband  of  superlattice  barrier  layers,  respectively. 

The  dark  current  of  n-type  miniband  QWIPs  has  been  modelled  using  a  modified 
thermionic  emission  theory  and  takes  into  account  Schottky  image  barrier  lowering 
effect.  The  agreement  between  the  current  model  and  the  DC  characteristics  of  the 
device  indicates  that  the  charge  transport  process  is  emission  limited  for  these  n- 
type  miniband  QWIPs.  In  addition,  both  n-type  and  p-type  device  operation  under 
low  applied  bias  voltage  has  been  examined.  Under  low  electric  fields  and  at  low 

vi 


temperatures,  the  device  can  be  described  as  M  statistically  independent  sections  in 
series,  where  M  is  equal  to  the  ratio  of  active  device  length  over  the  extended  state 
carrier  trajectory.  The  excellent  agreement  between  the  measured  and  calculated 
dark  current- voltage  characteristics  confirms  this  model. 

Dark  current  noise  measurements  between  10^  and  10*  Hz  were  carried  out  on 
both  n-type  miniband  and  p-type  strained  layer  QWIPs  as  a  function  of  temperature 
and  bias  voltage.  The  observed  noise  can  be  attributed  to  number  fluctuation  noise 
associated  with  the  generation  and  recombination  of  electrons  or  holes  from  and  to  the 
quantum  well  bound  states  and  the  extended  miniband  or  valence  band  states.  At  low 
bias  the  number  fluctuation  noise  translates  into  current  fluctuation  noise  via  electron 
or  hole  diffusion,  whereas  at  higher  bias  values  the  coupling  is  via  the  electron  or  hole 
drift  current  component.  From  the  measured  noise  data  of  the  n-type  miniband 
QWIPs,  the  low-bias  electron  diffusion  length,  the  bias-dependent  noise  gain,  the 
electron  trapping  probability  and  the  thermal  electron  generation  rate  are  determined. 
From  the  noise  data  of  p-type  QWIPs,  the  value  for  the  capture  coefficient  of  hole 
trapping  is  determined  and  interpreted  in  terms  of  the  Be-acceptor  characteristics. 
We  observed  that  the  thermally  generated  heavy  holes  diffuse,  at  low  fields,  on  the 
average  to  the  nearest  neighboring  quantum  well  where  they  subsequently  recombine. 

Design  criteria  are  proposed  based  on  maximizing  the  detectivity  of  the  QWIP. 
Using  the  noise  model  and  a  simplified  absorption  coefficient  expression,  the  detec- 
tivity can  be  calculated  as  a  function  of  the  number  and  doping  concentration  of  the 
quantum  wells  and  the  effective  masses  of  electrons  and  holes  in  the  quantum  wells. 
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CHAPTER  1 
INTRODUCTION 


I 

1.1    Infrared  Photodetectors 

Methods  to  detect  infrared  (IR)  radiation  have  been  studied  ever  since  its  dis- 
covery by  William  Herschel  in  1800[1].  Among  the  various  kinds  of  infrared  detectors, 
those  responding  to  radiation  in  the  wavelength  regions  of  1-3  /Ltm,  3-5  fiui  and  8-14 
fjim  (the  so-called  atmospheric  windows)  receive  most  attention.  Detectors  operating 
in  the  wavelength  region  of  8-14  fim  are  especially  important  for  imaging  since  the 
temperature  of  the  human  body  and  environments  suitable  for  human  life  are  around 
300  K,  which  has  a  emission  peak  wavelength  at  10  /im  in  their  radiation  spectrum. 
Various  detectors  have  been  designed  and  fabricated.  Most  of  them  fall  into  one  of  the 
two  general  classes:  1)  thermal  detectors  which  register  the  temperature  dependent 
properties  of  the  detecting  elements  to  sense  the  temperature  variation  caused  by  the 
IR  radiation,  and  2)  photon  detectors  which  detect  the  change  in  the  electronic  state 
of  the  detectors  subjected  to  the  IR  radiation. 

Although  thermal  detectors  have  the  important  practical  advantage  that  they 
can  be  used  at  ambient  temperatures  thus  eliminating  the  need  for  cryogenic  cooling 
systems,  their  poor  sensitivities  and  slow  response  times  compared  to  photon  detectors 
(typically  two  orders  of  magnitude  lower  in  terms  of  detectivity  D*)  limit  their  usage. 
In  contrast,  despite  the  complexity  of  cooling  systems,  the  performance  of  photon 
detectors  is  high  and  continues  to  improve  because  of  the  development  of  highly 
purified,  single-crystal  semiconductors  used  as  active  material.  However,  there  are 
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still  some  problems  among  the  various  kinds  of  photon  detectors:  For  example,  a  poor 
quantum  efficiency  of  PtSi  and  IrSi  Schottky  barrier  detectors  in  the  8-14/zm  spectral 
regime,  inferior  noise  characteristics  and  limited  usable  storage  capacity  due  to  a 
fairly  high  gate  voltage  of  MIS  detectors,  and  a  relatively  low  absorption  coefficient 
for  selectively  doped  silicon  or  germanium  extrinsic  photoconductive  detectors.  In 
Mercury  Cadmium  Telluride  (MCT)  detectors  w^hich  have  the  highest  detectivity 
among  IR  detectors,  material  softness  and  non-uniformity  are  still  a  major  obstacle 
for  the  Focal  Plane  Array  (FPA)  applications. 

'  1.2    Quantum  Well  Infrared  Photodetectors 

Since  West  and  Eglash  first  observed  infrared  absorption  resulting  from  an  in- 
tersubband  transition  in  a  GaAs/AlGaAs  quantum  well  structure[2],  quantum  well 
infrared  detectors  (QWIPs)  have  become  increasingly  popular.  Using  molecular  beam 
epitaxy  (MBE)  and  metal  organic  chemical  vapor  deposition  (MOCVD)  techniques, 
the  dimensional  control  of  the  potential  profile  and  impurity  distribution  approaches 
the  scale  of  interatomic  spacing  with  very  low  interface  state  densities  (<  10^°/cm^). 
The  available  material  systems  include  III-V,  II-VI,  IV-VI  compound  and  elemental 
semiconductors.  Many  publications  have  appeared  discussing  the  structure,  perfor- 
mance and  feasibility  of  the  QWIPs[3]-[57].  Despite  the  large  dark  current  in  compar- 
ison with  a  Hgi.^Cd^Te  (MCT)  detector,  a  QWIP  has  higher  production  yield,  better 
area  uniformity,  lower  fabrication  cost,  and  fewer  material  defects  than  MCT  detec- 
tors, and  provides  energy  band  selectivity  and  a  predictable  spectral  response.  All 
these  advantages  make  QWIPs  good  candidates  for  8-14/im  long  wavelength  infrared 
detection. 

It  is  predicted  theoretically  that  the  dark  current  of  a  n-type  QWIP  based  on 
the  intersubband  transition  in  GaAs/GaAlAs  is  always  several  orders  of  magnitude 
higher  than  that  of  a  MCT  detector  at  the  same  cutoff  wavelength  and  operating 
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temperature.   This  is  due  to  the  fact  that  the  QWIP  is  a  majority  carrier  device 
and  its  dark  current  is  determined  mainly  by  the  thermally  generated  carriers.  In 
general,  the  higher  the  dark  current  of  a  QWIP,  the  higher  its  noise  current  will  be. 
I   Since  detectivity  is  directly  related  to  the  noise  current,  many  different  novel  QWIP 
,  structures  with  lower  dark  current  characteristics  have  been  proposed  to  improve  the 
performance  in  terms  of  detectivity[16].  P-type  QWIPs  were  expected  to  have  better 
noise  characteristics  because  of  the  higher  effective  mass  and  larger  density  of  states 
of  the  holes  resulting  in  a  lower  dark  current [17]-[21].  Due  to  the  mixing  between  the 
i  light-  and  heavy-hole  states,  normal  incident  illumination  produces  an  intersubband 
transition  in  p-type  QWIPs,  and  thus  eliminates  the  need  for  grating  structures.  This 
feature  is  another  reason  for  studying  p-type  QWIPs  even  though  their  absorption 
coefficients  are  somewhat  lower  than  those  of  n-type  QWIPs. 

In  order  to  optimize  QWIP  device  performance,  an  understanding  of  both  trans- 
port and  optical  properties  is  required.  The  commonly  used  models  which  describe 
these  properties  are  presented  in  the  following  three  sections. 

1-3    Dark  Current  Calculation 

L.  Esaki  first  introduced  the  multi  quantum  well  concept  for  photodetector  ap- 
plications. He  calculated  the  tunneling  current  in  a  finite  superlattice  structure[15] 

2.^n^  Jo    ^  ^  'Hi  +  expiiE,  -E,-  eV)lkT])  ^''^^ 

where  T'T  is  the  transmission  probability  for  a  conducting  carrier  tunneling  through 
the  superlattice  energy  barrier. 

Esaki's  approach  wa^  successful  in  modeling  a  simple  superlattice  structure  with- 
out doping  in  the  quantum  wells.  For  the  recently  developed  QWIPs  with  highly 
doped  quantum  wells  this  theory  needs  to  be  modified. 


B.  F.  Levine  has  published  a  series  of  papers  dealing  with  the  characteristics 
of  the  QWIP.  His  dark  current  expression  is  based  on  the  scattering  mechanism[7] 
that  [7] 

Id{V)  =  n{V)evA  (1.2) 
where  n{V)  is  the  effective  density  of  electrons,  which  can  be  calculated  by 

where  Lp  is  the  width  of  the  quantum  well,  and  T{E,v)  is  the  electron  transmission 
probability  for  tunnelling  through  the  quantum  well  barrier.  The  velocity  used  in 
Levine's  dark  current  expression  was  given  by  the  empirical  velocity  electric  field 
relation, 

v  =  fiF[l  +  {^F/v,y]-'/'  (1.4) 

where  fi  is  the  mobility,  F  is  the  average  electric  field,  and  is  the  saturation  drift 
velocity. 

The  above  expression  for  the  dark  current  has  been  widely  used  to  describe  the 
voltage-current  characteristics  of  a  QWIP  in  many  publications [23]-[26].  Unfortu- 
nately, mixed  scattering  mechanism  with  ballistic  transport  in  this  approach  has  no 
physical  basis  and  leads  to  internal  inconsistency.  A  detailed  discussion  of  this  topic 
will  be  presented  in  chapter  2. 

1-4    Photocurrent  Mechanism 

The  operation  of  QWIPs  is  based  upon  the  carrier's  intersubband  transition 
initiated  by  an  impinging  IR  radiation.  The  application  of  an  external  electric  field 
in  the  perpendicular  transport  direction  will  sweep  the  carriers  toward  the  collecting 
contact  and  a  photocurrent  will  be  recorded. 

The  carrier  generation  rate  G  due  to  the  IR  radiation  can  be  expressed  as 


where  ^  is  the  IR  photon  flux  and  eta  is  the  quantum  efficiency  for  a  single  carrier. 
Assuming  that  the  carrier  lasts  an  average  of  r  seconds  before  it  is  trapped  into  a 
quantum  well,  r  is  called  the  lifetime  of  a  photogenerated  carrier  in  the  QWIP.  The 
average  number  of  excited  carriers  Nc  can  be  found  from  the  product  of  the  generation 
rate  and  the  lifetime 

Nc  =  G-T  =  <f>-TI-T  (1.6) 

The  carriers  drift  under  the  applied  electric  field  with  a  velocity  Vd.  The  contribution 
of  each  carrier  to  the  current  flowing  in  the  external  circuit  is 

'c  =  q-j  (1.7) 

where  q  is  the  charge  of  the  carrier  and  L  is  the  distance  between  electrodes.  If  we 
define  the  transit  time  of  a  QWIP  by  =  Z/vj,  then  the  total  average  photocurrent 
becomes 

I(photo)  =  NJc  =  qh  (^j^  (1.8) 
Obviously,  a  longer  carrier  lifetime  produces  a  larger  photocurrent  in  the  QWIP.  We 
define  the  photocurrent  gain  as  g^photo)  =  r/ri  and  the  photocurrent  can  be  expressed 

by 

kphoto)  =  qH9{photo)  (1.9) 

Consider  a  QWIP  with  N  quantum  wells,  and  a  potential  profile  as  shown  in 
Fig,  1.1,  where  the  symbol  p  represents  the  electron  trapping  probability  for  the 
excited  carriers  in  the  quantum  well  states.  Thus,  (1  -  p)  is  the  probability  that 
electrons  travel  through  the  well  region.  If  we  assume  that  (a)  the  photon  flux  is 
independent  of  position,  (b)  the  dark  current  is  limited  by  thermal  effects  and  interwell 
tunneling  may  be  neglected,  and  (c)  the  ohmic  contacts  in  the  QWIPs  are  ideal 
contacts,  then  the  photo  current  i„,  at  each  barrier  m  can  be  expressed  as [24] 

«m+i    =   (1  —  p)im  +  photocurrent  generated  from  one  well 

=       -  p)im  +  qh' -  P)  (1.10) 


where  i]  is  the  quantum  efficiency  for  a  single  well.  With  current  continuity,  = 
*(m+i)  =  i{photo),  then 

J.  '(1  -P) 

,     !  ^{photo)     =  9^7/  

•:  !  Np  ^  I 

'         =   Q<f>V9(photo)        ''  (1.11) 
where,  the  photocurrent  gain,  g^photo),  is  equal  to 

9(photo)  -  (1.12) 

1-5    Noise  Mechanism 

The  noise  associated  with  the  dark  current  of  a  QWIP  is  usually  controlled  by 
trapping  and  detrapping  processes  between  the  extended  states  and  the  localized 
states  inside  the  quantum  wells.  If  we  assume  the  carrier  density  in  the  extended 
states  is  iV,  and  in  the  quantum  well  bound  state  is  iV„  and  that  the  carrier  lifetime 
in  the  extended  states  is  r,  and  in  quantum  well  bound  states  is  r„  then  the  particle 
number  spectral  density  becomes [29] 

SN{f)  =  4A]V^— I—  =  4^7V,   n  lo^ 

where  r"!  «  r"^  +  r;^  and    =  rJir^  +  r,). 

In  a  QWIP,  the  number  of  conducting  carriers  is  equal  to  the  total  number 
of  carriers  excited.  With  the  average  current  7  =  TV,.;,  where  ^;  is  the  current 
contributed  by  a  single  carrier,  the  noise  current  spectral  density  can  be  expressed  in 
terms  of  SN{f) 

In  equilibrium,  the  average  number  of  carrier  generated  from  the  quantum  well  is 
equal  to  the  average  number  of  carrier  recombining  in  the  quantum  wells.  We  have 

T.   ~  To  (1-15) 
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At  low  temperatures,  the  electron  density  in  the  extended  states  is  much  smaller  than 
the  electron  density  in  the  quantum  well.  As  a  result,  Tq  is  much  smaller  than  r,.  This 
implies  /3  equals  one  in  Eq.  (1.14).  Using  7  =  we  can  further  simphfy  Eq.  (1.14) 
to 


Siif)    «  iql 


1+^2x2 
1 


=  ^     2   2  (1-16) 

where  ^  =  is  defined  as  "noise  current  gain"  in  a  QWIP.  In  most  cases,  u;t  <  1, 
allowing  the  g-r  noise  current  spectral  density  function  to  simplify  to 

Si{f)  «  ^~Ig  (1.17) 

1.6    Quthne  of  the  Dissertation 

In  order  to  resolve  the  self-inconsistency  in  the  dark  current  expression  used  by 
Levine,  a  model  based  on  thermionic  emission  is  presented  in  chapter  2.  The  mod- 
elled dark  current  is  compared  with  the  measured  current  for  three  different  bound- 
to-miniband  (BTM)  transition  QWIPs.  In  addition,  an  empirical  current  expression 
using  a  phenomenological  ideality  factor  is  also  examined.  The  ideality  factor  ex- 
tracted from  the  dynamic  resistance  of  each  QWIP  was  used  to  calculate  the  dark 
current  and  compared  to  the  measured  data.  A  better  understanding  of  QWIP  trans- 
port properties  results  from  these  studies. 

Current  conduction  of  a  QWIP  under  low  bias  operation  is  discussed  in  chapter  3. 
The  voltage-current  characteristic  inferred  from  QWIP  noise  characteristics  under 
equilibrium  was  calculated  and  compared  with  the  measured  current.  The  good 
agreement  between  the  modelled  and  measured  data  confirms  our  model  assumption. 

To  evaluate  the  performance  of  a  QWIP,  D*  is  the  most  often  used  figure  of 
merit.  To  calculate  the  D*  at  a  certain  frequency,  the  noise  value  at  this  frequency 
must  be  known.   Also,  to  optimize  the  operating  bias  voltage  for  a  QWIP,  noise 
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information  is  required.  Thus,  noise  measurements  provide  the  only  way  to  obtain 
all  these  parameters.  Detailed  noise  measurements  were  carried  out  for  three  BTM 
QWIPs  at  77K.  The  noise  spectra  of  these  QWIPs  under  different  bias  voltages  are 
presented  in  chapter  4.  By  analyzing  the  measured  g-r  noise  spectral  density,  the  low 
bias  diffusion  length,  the  bias  dependent  noise  gain,  as  well  as  the  electron  trapping 
probability  were  calculated  and  discussed  in  this  chapter.  The  dependency  of  the 
thermal  electron  generation  rate  on  external  bias  voltage  is  also  verified.  The  increase 
in  the  electron  generation  rate  due  to  an  increase  in  the  bias  voltage  justifies  the 
deviation  of  current  noise  level  from  the  P  dependency  in  high  bias  regions. 

A  noise  model  based  on  a  priori  known  quantities  was  developed.  Noise  measure- 
ments on  a  p-type  QWIP  were  performed  to  verify  our  model.  The  measured  current 
noise  spectra  are  presented  in  chapter  5  for  different  temperatures  and  bias  voltages. 
Two  different  regimes  of  operation  were  identified  from  the  noise  spectra.  Based  upon 
this  model,  low  field  hole  diffusion  length  as  well  as  the  capture  cross-section  for  hole 
trapping  were  extracted  from  the  noise  data. 

Using  our  noise  model  and  a  simphfied  quantum  efficiency  expression,  the  detec- 
tivity can  be  derived  as  a  function  of  design  parameters.  The  dependency  on  three 
different  design  parameters  namely,  number  of  quantum  wells,  doping  concentration, 
and  the  effective  mass  were  examined  for  a  p-type  QWIP  and  presented  in  chapter  6 
to  investigate  the  results  of  parameter  optimization.  Design  criteria  are  stated  at  the 
end  of  this  chapter  as  a  guideline  for  a  QWIP  designer. 

Fmally,  chapter  7  contains  the  summary,  conclusions,  and  recommendations  for 
future  research. 


Figure  1.1  Energy  band  diagram  of  a  QWIP  with  a  constant  electric  field.. 


CHAPTER  2 

N-TYPE  QWIP  DARK  CURRENT  CHARACTERISTICS 


2.1  Introduction 


Understanding  the  dark  current  in  a  QWIP  is  one  of  the  most  important  aspects 
for  optimizing  detector  performance.  Several  publications  have  addressed  and  mod- 
eled the  dark  current [22]-[27].  Unfortunately,  most  of  the  calculations  are  based 
on  the  electron's  velocity-field  relationship,  which  is  empirical  and  takes  scattering 
mechanisms  into  account.  There  is  nothing  wrong  with  modeling  the  dark  current 
based  on  the  empirical  velocity  expression,  v  =  plF[1  -\-  (/iF/u,)^]~^/^.  The  problem 
is  the  electron  density,  n,  which  is  calculated  by  inserting  the  tunneling  transmission 
coefficient,  T[E,  V),  into  the  Fermi  integral  in  most  of  the  dark  current  expressions [7], 


As  we  know,  the  transmission  coefficient  is  derived  for  an  elastic  process  which  im- 
plies that  the  electrons  should  experience  ballistic  transport.  Obviously,  this  kind  of 
calculation  is  inconsistent. 

In  this  chapter,  we  try  to  introduce  a  current  model  derived  from  thermionic 
emission  coupled  with  the  electron  image  lowing  effect  which  has  a  better  physical 
basis  and  does  not  involve  parameter  fitting  in  the  current  expression.  The  dark 
currents  of  three  miniband  QWIP  structures  were  measured  at  77K  and  compared 
with  the  modelled  current  values.  In  addition,  an  ideality  factor  was  extracted  from 
the  dynamic  resistance  for  each  sample.  The  empirical  current  model  based  on  the 
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ideality  factor  was  also  compared  with  the  measured  values.  The  results  presented  in 
this  chapter  give  a  better  explanation  for  the  QWIP's  transport  characteristics. 

2.2    Dark  Current  Modelling 

2.2.1    Thermionic  emission  theory 

For  a  QWIP  with  highly  doped  quantum  wells,  which  behaves  in  some  aspects 
similar  to  a  metal,  thermionic  emission  theory  may  apply.  For  a  miniband  QWIP 
with  one  bound  state  Ei  inside  the  quantum  wells,  the  density  of  states  can  be 
approximated  as 


m  =  { 


0  E<Ei 

.,       ,     E,<E<  E^,  (2.1) 


■'mt 


[  Tpk  +  '-^^{E  -  E^,fl^  E^,<E<  E. 

where  Emb  is  the  bottom  energy  level  of  the  miniband,  Emt  is  the  highest  energy  level 
of  the  miniband,  is  the  width  of  the  quantum  wells,  and  m'  is  the  effective  maiss 
of  the  carriers  in  the  quantum  wells. 

The  kinetic  energy  of  an  electron  inside  the  miniband  is  |m*(t;^  +  f y  +  vj)  = 
E  —  Emb-  For  miniband  transport,  only  an  electron  which  has  momentum  in  the 
z  direction  can  contribute  to  the  current.  If  we  neglect  the  current  contributing  of 
electrons  with  energy  larger  than  Emti  the  thermionic  emission  current  density  is 
given  by 


=   J^""  ev/^^^^'^'^V  -  Embf'mdE  (2.2) 


Jth   =   j  ev^dn 

47r(2m*)3/2 

where  f{E)  is  the  Fermi-distribution  function.  Since  the  fermi  level  is  far  below  Emb 
for  the  miniband  QWIPs,  we  can  simplify  f{E)  to  a  Boltzman-distribution  resulting 
in 
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1               /     •E'mt       Emb  \ 



=  AT^exp(-^) 


1  /     ■£'Tn(  ~"  Emb  \ 

'-^"P(  kT^^ 


(2.3) 


where  gKi  =  Emb  —  Ef  and  A'  is  the  effective  Richardson  constant  for  the  thermionic 
emission. 

2.2.2    Schottky  effect 

<  In  a  QWIP,  the  highly  doped  quantum  wells  act  similar  to  metal.  Therefore,  the 
image- force-induced  lowering  of  the  potential  energy  need  to  be  taken  into  account. 
Consider  the  following  situation:  When  an  electron  is  in  the  barrier  region  at  a 
distance  x  from  the  quantum- well/barrier  interface,  a  positive  charge  will  be  induced 
at  this  interface  surface.  The  image  force  is  given  by[34] 

F  =  =   (2  41 

47r(2a:)2e,eo      167re,coa;^  ^  '  ^ 

where  —  e  is  the  electron  charge,  Cr  is  the  dielectric  constant  of  the  barrier,  and  to  is 

the  permittivity  in  vacuum.  When  an  external  field  S  is  applied,  the  total  potential 

energy  PE  as  a  function  of  distance  (taken  PE{x      oo)|^^g  =  0)  is 

''^(^>  =  16^  -  (2.5) 

The  Schottky  barrier  lowering  eA<f>  is  given  by  the  condition  '^^^f}''^^  =  0,  which 
results  in  ,  «  : 


Therefore,  the  effective  barrier  height  is  reduced  to 

Eb,eff  =  Emb  -  eA<f>  (2.7) 

Figure  2.1  shows  the  energy  band  diagram  of  a  miniband  QWIP  when  an  external 
reverse  bias  voltage  is  applied. 
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To  have  a  significant  Schottky  effect,  electrons  inside  the  conducting  material 
must  have  sufficient  time  to  form  a  charge  plane  (image  plane)  during  electron 
escape[23].  Therefore,  the  dielectric  relaxation  time,  r^e/,  in  the  Fermi  sea  must 
be  much  smaller  than  the  electron  escape  time,  re,c,  i.e., 

re,c  >  Trel  =  e,.6o/9  =    (2.8) 

t^n  ' 
where  p  is  the  resistivity,  is  the  dielectric  constant,  /i  is  the  electron  mobility  for 
the  conducting  material,  and  n  is  the  electron  density.  For  a  GaAs  quantum  well 
with  doping  density  5  x  10^^  cm'^,  the  dielectric  relaxation  time  is  7  x  lO"^^  sec.  at 
77K  assuming  that  dopants  inside  the  quantum  well  are  fully  ionized.  On  the  other 
hand,  the  escape  time  can  be  estimated  from  the  time  it  takes  an  electron  to  pass 
through  a  single  barrier.  If  we  approximate  the  electron  average  velocity  by 


^=V^  (2.9) 


The  escape  time  can  be  written  as 


T, 


esc  ~  _ 
V 


(2.10) 


For  a  GaAs  barrier  with  barrier  width  500  A,  the  escape  time  is  approximately  2.2  x 
10~^^  sec.  at  77K.  The  above  first  order  calculation  shows  that  r^e/  is  significantly 
smaller  than  Te,<.  indicating  that  indeed  the  Schottky  effect  needs  to  be  accounted  for. 

2.2.3    Two  sided  current  approach 

Let  us  consider  a  superlattice  barrier  with  doped  quantum  wells  on  both  side. 
When  a  reverse  bias  voltage  is  applied,  the  barrier  height  will  be  lowered  by  an  amount 
of  eA(f>  due  to  the  image  force. 

9K  =  ^m6,e//  -Ej  =  Emb  "  eAcf)  -  Ef  (2.11) 
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Since  the  magnitude  of  the  electric  field  in  the  highly  doped  quantum  well  is 
negligible,  all  the  voltage  will  drop  across  the  barrier  region.  The  electron  current 
density  generated  from  the  left  side  quantum  well  to  the  mini-band  becomes 


=  AT^xp(-^) 


,              /     Emt  —  Emb,eff  ^ 
 kf  ^ 


(2.12) 


The  current  density  for  right  side  quantum  well  to  the  miniband  becomes 


1  —  exp(- 


Emt  —  Emb,eff 

kT 


(2.13) 


The  thermal  emission  current  density  for  both  directions  is  shown  in  Fig.  2.1.  With 
these  two  opposing  currents  J;  and  Jr,  the  total  current  density  becomes 


J     =     Jl  —  Jr 


kT 


.  ,  Emt  ~  Emb,eff  v 
'  -   kf  ) 


eV 

l-exp(--) 


^Jl-exp(-^)] 


(2.14) 


2.3    Fermi  Level  Calculation 

In  our  dark  current  expression,  the  only  unknown  parameter  is  the  Fermi  energy 
Ef.  In  this  section,  the  Fermi  energy  is  calculated  based  on  charge  neutrality  in 
equilibrium.  The  effect  of  doping  overshoot  caused  by  the  imperfection  of  MBE 
growth  is  also  taken  into  account  in  the  Fermi  level  calculation. 


2.3.1    Fermi  level  inside  the  doped  quantum  well 

If  the  dopant  inside  the  quantum  well  has  energy  level  ££>  then,  the  density  of 
neutral  donors  is  given  by [35] 

Nd 


K  =  NdUEd) 


(2.15) 


where  qd  is  the  ground-state  degeneracy  for  the  donor  impurity  level  and  is  equal  to 


two. 
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To  preserve  charge  neutrality  the  total  number  of  negative  charges  must  equal 
the  total  number  of  positive  charges.  If  the  doping  concentration  is  high,  most  of  the 
electrons  are  contributed  by  donors,  i.e.,  thermal  band  to  band  generation  may  be 
neglected.  Then 

ND  =  K  +  n  (2.16) 
The  electron  density  can  be  derived  from  Eq.  (2.15)  and  Eq.  (2.16). 

In  a  QWIP,  the  total  number  of  electrons  in  the  quantum  well  bound  states 
and  conduction  extended  states  should  be  equal  to  the  total  number  of  electrons 
originating  from  the  donor  states. 

—  -^-^  =  AL^  /  g,{E)f{E)dE  +  A{L,  +  L^)  /  g^{E)f{E)dE  (2.18) 

1 +5i3exp(--L^)  J  J  ^  ' 

where  U  is  the  width  of  the  barrier,  A  is  the  cross  sectional  area  of  the  QWIP,  and 
gi,  g2  are  described  in  Eq.  (2.1) 


m 

^1    =  -T2 


^3 


47r(2m-)3/2  ^ 
52   =       \3  ^    {E-  Embfl^ 


gi  is  the  density  of  states  for  the  bound  states,  g2  is  the  density  of  states  for  the 
extended  states. 

Carrier  confinement  along  the  growth  axis  decreases  the  donor  binding  energy 
from  the  bulk  value.  From  Bastard's  paper[36],  we  found  that  the  position  of  the 
donor  level  with  respect  to  the  ground  state  becomes  constant  for  an  electron  sheet 
density  larger  than  lO^^  ^^-2  QWIPs  we  measured,  the  electron  sheet  density 

is  always  larger  than  this  value.  By  using  Bastard's  result,  we  found  that  Ed  lies  1 
meV  below  the  quantum  well  ground  state.  With  this  approximation,  the  Fermi  level 
can  be  calculated. 
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2.3.2    Depth  of  dopant  overshoot 

It  is  well  known  that  the  Si  dopant  undergoes  migration  towards  the  surface 
during  MBE  growth.  As  a  result  of  this  asymmetrical  dopant  ion  segregation  into 
the  "top-side"  barrier,  and  the  barrier  energy  will  be  pulled  down  by  an  amount  e(f> 
in  the  forward  bias  direction. 

Ehp=Eb-e(f>  (2.19) 

where  Ek  =  E^b  -  Ei.  Figure  2.2  shows  the  potential  profiles  of  a  QWIP  under  both 
equilibrium  and  forward  bias  condition.  This  doping  migration  during  MBE  growth 
results  in  the  QWIP  having  an  asymmetrical  dark  current  when  the  external  voltage 
is  applied  using  opposite  polarities. 

As  discussed  in  section  2.2,  the  dark  current  is  proportional  to  the  effective  barrier 
height.  The  potential  pull  down,  <f>,  of  the  forward  bias  direction  can  be  calculated 
from  the  ratio  of  forward  bias  current  and  reverse  bias  current  under  high  applied 
bias  voltage. 

'  If  ,e<f> 

I   :  =  (2-20) 

The  dopants  located  in  the  barrier  region  are  fully  ionized  because  the  Fermi 
level  is  much  lower  than  the  donor  level.  From  Poisson's  equation,  by  assuming  a 
step  doping  profile  in  the  barrier  region  with  a  width  W,  we  have 

for  0  <  X  <W  (2.21) 


where  is  the  dielectric  constant  of  the  barrier.  If  the  electric  field  can  be  neglected 
for  x>W,  which  is  approximately  true,  we  find 

1 

j  ^^^^  "  Z^^^  ~  forO<x<W  (2.22) 

The  barrier  pull  down  can  be  derived  by  integration  the  electric  field  from  0  to  W. 

A      \  r  CI  ^J  ^  ^NdW^ 

^  =         5(x)cfx|  =  --_  .    ..  (2.23) 
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Therefore,  the  doping  overshoot  width  can  be  calculated  from  the  measured  dark 
current  data. 

2.3.3    Fermi  level  modification 

Since  the  dopants  in  the  barriers  are  fully  ionized,  the  electrons  inside  the  quan- 
tum well  must  originate  from  both  well  dopants  and  barrier  dopants.  The  total 
electron  density,  therefore,  becomes 

Nd  W 


n  = 


+  i-Nd  (2.24) 


From  detailed  balance,  the  total  number  of  electrons  should  be  conserved.  As  a 
result,  the  Fermi  level  has  to  satisfy  the  following  equation: 

+  —NdAL^ 


^      .    =  AL^Jg,{E)f{E)dE  +  A{L^  +  U)Jg2{E)f{E)dE  (2.25) 

2.4    Results  of  Dark  Current  Calculation 

Using  the  method  introduced  in  section  2.3,  the  Fermi  level  and  dopant  overshoot 
depth  were  calculated.  Table  2.1  shows  the  parameters  for  the  measured  QWIPs. 
Table  2.2  shows  the  energy  band  parameters  and  the  results  of  the  Fermi  level  calcu- 
lation. 

Due  to  high  forward  bias  dark  current  of  QWIP-A,  we  could  not  apply  a  reason- 
able high  forward  bicis  voltage  to  measure  Ip.  By  comparing  the  measured  reverse 
bias  dark  current  with  the  current  value  calculated  from  our  model,  the  doping  over- 
shoot W  was  estimated  to  be  106 A  resulting  in  a  forward  bia^  potential  pull  down 
(f>  of  38  mV.  With  this  amount  of  doping  overshoot,  the  Fermi  level  is  at  63  meV 
above  conduction  band  edge.  Fig.  2.3  shows  the  measured  forward  bias  dark  current 
and  the  modelled  current  assuming  the  barrier  height  equals  Ei,  —  ecj).  The  difference 
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between  measured  and  modelled  currents  is  understandable  because  we  assume  the 
tunneling  probability  equals  one  for  the  transition  from  Eb  to  Ei,  -  <f>  in  our  calcula- 
tion. Under  such  a  low  bias  voltage,  the  tunneling  probability  is  much  less  than  one 
which  may  result  in  an  over-estimation  of  the  forward  bias  current.  The  dark  current 
under  reverse  bias  voltage  is  shown  in  Fig.  2.4. 

The  forward  bias  current  of  QWIP-B  is  plotted  in  Fig.  2.5  and  the  arrows  indicate 
the  current  projection  when  the  applied  bias  voltage  increases  to  infinity.  Projection 
of  the  measured  current  is  taken  from  a  region  under  medium  bias  voltage  because  our 
current  model  does  not  include  high  field  transport  mechanisms,  such  as  tunneling. 
According  to  this  plot,  the  forward  bias  dopant  overshoot  was  extracted  to  be  25 A 
resulting  in  a  2  mV  forward  bias  potential  pull  down.  Therefore,  the  Fermi  level  of 
QWIP-B  lies  35  meV  above  the  conduction  band  edge.  Using  this  Fermi  level  value, 
the  reverse  bias  current  was  calculated  and  compared  to  the  measured  dark  data  in 
Fig.  2.6.  The  excellent  agreement  between  measured  and  modelled  data  supports  our 
current  model. 

In  QWIP-C,  there  seems  to  be  no  dopant  overshoot.  The  Fermi  level  is  calculated 
to  be  28  meV  above  the  conduction  band  edge  and  the  forward  bias  dark  current  is 
shown  in  Fig.  2.7  for  both  measured  and  modelled  current.  Due  to  the  strain  effect  of 
this  QWIP,  a  build  in  potential  would  exist  at  the  quantum  well/barrier  interface  layer 
resulting  in  a  decrease  in  the  dynamic  resistance  when  the  bias  voltage  increases.  The 
measured  dynamic  resistance  of  QWIP-C  confirms  this  effect  and  it  will  be  discussed 
in  the  next  section.  From  the  dynamic  resistance  plot  in  Fig.  2.13,  the  build  in 
voltage,  Vbi,  is  found  to  be  17  meV.  The  effect  of  H.  is  to  reduce  the  electric  field  S 
resulting  in  a  reduction  of  image  barrier  lowering.  Fig.  2.8  shows  the  measured  dark 
current  and  the  modelled  current  for  V  >  17  mV  with  taking  into  account  in  the 
current  calculation. 
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In  summary,  our  current  model  is  derived  for  an  ideal  QWIP.  It  does  give  a  rather 
good  estimation  for  the  dark  current  value.  The  difference  between  the  modelled  and 
measured  data  can  be  attributed  to  effects  such  as  the  interface  voltage  under  low 
field  and  tunneling  current  contributions  under  high  field,  which  are  not  included  in 
our  current  model. 

2.5    Dark  Current  and  Ideality  Factor 

As  mentioned  in  the  previous  section,  the  imperfection  of  our  current  expression 
is  caused  by  many  non-ideal  mechanisms.  These  effects  are  in  general  device  depen- 
dent, making  it  hard  to  develop  an  universal  model  for  the  QWIPs.  We  therefore 
introduce  an  empirical  ideality  factor,  n,  to  describe  the  dark  current  under  low  bias 
condition.  In  this  section,  the  dark  current  of  three  QWIPs  was  calculated  using  this 
phenomenological  concept  and  compared  to  the  measured  data. 

2.5.1    Dynamic  resistance  and  ideality  factor 

For  a  metal-semiconductor-metal  (MSM)  diode,  the  current  can  be  expressed 
as[34j 

/  =  -  e^]  (2.26) 
where  /,  is  the  saturation  current,  assumed  to  be  independent  of  V,  and  obtained  by 
extrapolating  the  current  from  the  log-linear  region  to  V  =  0,  and  n  is  the  ideality 
factor. 

The  band  structure  of  the  QWIP  is  in  many  ways  similar  to  the  MSM  diode. 
The  voltage  applied  to  the  QWIP  V{total)  is  equal  to  TV  +  1  times  the  voltage  of  each 
period  V,  where  N  is  the  number  of  quantum  wells.  The  dynamic  resistance,  r^,  can 
be  derived  from  Eq.  (2.26) 


where  Vr  =  ^.  If  we  plot  the  dynamic  resistance  versus  bias  voltage  in  a  semi-log 
plot, 

1    /   ^     1    AN+l)nVT,  log(e) 

log(ri)  =  log(^  +_lLi.y  ,2.28) 

The  term  log(rj)  is  a  linear  function  of  applied  voltage  V.  Using  Eq.  (2.28),  the  ide- 
ality factor  n  can  be  extracted  from  the  slope  Once  the  value  of  n  is  extracted, 
the  saturation  current  /,  can  be  calculated  from  the  offset  log((^+j)"'^^)  for  F  =  0. 


2-5-2    Dark  current  calculation  using  the  extracted  ideality  factor 

Ideally,  the  saturation  current  /,  in  Eq.  (2.26)  should  be  a  constant.  But  in 
reality,  /,  will  increase  with  increasing  bias  voltage  due  to  effects  such  as  the  image 
barrier  lowering  and  tunnelling.  As  a  result,  the  current  expression  based  on  the 
ideality  factor  can  only  model  the  QWIP  current  characteristic  within  a  small  range 
of  applied  bias  voltage. 

Using  the  above  interpretation,  the  ideality  factor  of  QWIP-A  was  extrapolated 
to  be  n  =  1.8.  The  saturation  current,  at  F  =  0  is  1.2  x  10"^.  Fig.  2.9  shows  the 
measured  dynamic  resistance  of  QWIP-A  and  r,  calculated  from  Eq.  (2.27).  The  dark 
current  calculated  from  Eq.  (2.26)  is  plotted  in  Fig.2.10  using  the  above  extracted 
parameters.  Comparing  the  measured  and  modelled  current,  this  current  expression 
models  the  dark  current  well  up  to  0.02  V. 

The  same  strategy  was  applied  to  QWIP-B  and  we  got  n  =  3.1  and  U  =  1.8  x 
10-M.  The  measured  dynamic  resistance  of  QWIP-B  as  well  as  the  r,  calculated 
from  Eq.  (2.27)  are  plotted  in  Fig.  2.11  to  show  how  the  parameter  was  extracted. 
Based  on  the  extracted  parameters,  the  dark  current  of  QWIP-B  was  calculated  and 
plotted  in  Fig.  2.12.  Eq.  (2.26)  models  the  dark  current  well  up  to  0.02  V  for  QWIP-B. 

As  we  mentioned  in  section  2.4,  the  dynamic  resistance  characteristic  of  QWIP- 
C  is  different  from  QWIP-A  and  QWIP-B  due  to  the  strain  effect.  When  we  apply 
a  voltage  to  QWIP-C,  under  low  bia.  condition,  the  dynamic  resistance  decreases 
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when  the  applied  voltage  increases.  Once  the  applied  voltage  overcomes  the  interface 
voltage,  the  conduction  behavior  becomes  similar  to  QWIP-A  and  QWIP-B.  We 
extrapolated  the  ideality  factor  in  the  region  without  the  interface  voltage  effect,  at 
V  =  llmV,  and  found  n  =  5.9,  I,  =  8.5  x  10"^.  Fig.  2.13  shows  the  measured 
dynamic  resistance  as  well  as  the  calculated  from  Eq.  (2.27)  for  extraction.  The 
■  dark  current  calculated  from  Eq.  (2.26)  was  plotted  in  Fig.  2.14  using  the  extracted 
i  values  for  n  and  Since  H.  of  QWIP-C  is  about  17  mV,  the  current  model  will  not 
describe  the  current  well  for  V  <  0.017  V.  Obviously,  Eq.  (2.26)  does  not  describe 
the  dark  current  characteristic  well  for  QWIP-C. 


Table  2.1:  Device  parameters  for  the  measured  QWIPs. 


QWIP 

A 

B 

c 

SL  barrier 

Trin  coAlr*  .*oA^ 

^  10.32  ^«0.68^^ 

rvio.4vjao.6rts 

771 

0  0736mn 

U.UOyOTTlo 

12.7 

11  Q 

1 1  7 

J  11./ 

Width  (A) 

35 

78 

3fl 

SL  well 

Inn  "i^Gan  ^tAs 

GaAs 

GaA-? 

Width  CAl 

OR 

oy 

4fin 

4(0 

QW 

iTln  cqCt;!/^  ,<»rA^ 

In         P  0          A  0 
ino.O7vjaO.93AS 

771 

0  0456mn 

u.uoo  ( n^o 

13.5 

12  1 

1  ^.  J. 

Width  (A) 

110 

85 

1  uu 

J>£)   lU     CTTt  1 

U.O 

A  A 

0.4 

1,4 

Periods 

20 

30 

20 

Substrate 

InP 

GaAs 

GaAs 

Mesa  (/xm^) 

1.92  X  10^ 

4  X  10" 

4.9  X  10" 

Transition 

BTM 

BTM 

SBTM 

BTM    :  Bound- to-miniband  transition. 
SBTM  :  Stepboimd-to-miniband  transition. 
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Table  2.2:  Energy  leveP  and  related  parameters  for  the  measured  QWIPs. 


QWIP 

A 

B 

C 

(meV) 

500 

260 

388 

Step  (meV) 

0 

0 

66 

Ebs  (meV) 

35 

32 

22 

Emb  (meV) 

160-192 

165-171 

136-153 

Ef{no  dopant  overshoot)  (meV) 

38 

31 

28 

w  (A) 

106 

25 

(f>  (mV) 

38 

2 

£'/(witli  dopant  overshoot)^  (meV) 

63 

35 

1  :  Energy  levels  are  reference  to  the  bottom  of  conduction  band  edge. 

2  :  Ebs  —  Ed  *  ImeV 


\  ■ 
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Figure  2.1  Band  diagram  of  aBTM  QWIP  with  an  applied  reverse  bias 
voltage  V  per  period. 


(a) 


(b) 


Figure  2.2  (a)  Energy  band  structure  of  a  QWIP  without  external  field, 
(b)  Energy  band  structure  with  an  appHed  forward  bias. 
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Figure  2 J  Forward  bias  dark  current  versus  applied  voltage 
per  period  for  QWIP-A. 
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Figure  2.4  Reverse  bias  dark  current  versus  applied  bias  voltage 
per  period  for  QWIP-A. 
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Figure  2.5  Forward  bias  dark  current  versus  applied  bias  voltage 
per  period  for  QWIP-B. 
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Figure  2.6  Reverse  bias  dark  current  versus  ^plied  bias  voltage 
per  period  for  QWIP-B. 
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Figure  2.7  Forward  bias  dark  current  versus  ^plied  bias  voltage 
per  period  for  QWIP-C. 
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Figure  2.8  Reverse  bias  dark  current  versus  reverse  applied  voltage 
per  period  for  QWIP-C. 


Figure  2.9  Dynamic  resistance  versus  reverse  bias  voltage  per  period 
for  QWIP-A. 
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Figure  2.10  Dark  current  versus  reverse  bias  voltage  per  period 
for  QWIP-A. 


Figure  2.11  Dynamic  resistance  versus  reverse  bias  voltage  per  period 
for  QWIP-B. 


Figure  2.12  Dark  current  versus  reverse  bias  voltage  per  period 
for  QWIP-B. 
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Figure  2.13  Dynamic  resistance  versus  reverse  bias  voltage  per  period 
for  QWIP-C. 
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Figure  2.14  Dark  currait  versus  reverse  bias  voltage  per  period 
for  QWIP-C. 


CHAPTER  3 

CURRENT  CONDUCTION  UNDER  LOW  BIAS  OPERATION 


3.1  Introduction 

In  a  homogeneous  photoconductor,  the  generation-recombination  (g-r)  noise  cur- 
rent spectral  density  is  related  to  the  dark  current,  Id,  through[37] 

Si  =  iqlog  (3.1) 

where  q  is  the  charge  of  the  conducting  carrier  and  g  is  defined  as  the  noise  gain.  This 
formula  has  been  widely  used  to  interpret  QWIP  noise  behavior[38]-[42].  Imphcitly, 
the  relation  between  the  noise  characteristics  and  the  charge  transport  mechanism  is 
phenomenologically  expressed  by  the  noise  gain. 

In  stead  of  using  the  phenomenological  noise  gain  to  relate  the  dark  current  and 
noise  current,  a  current  model  based  on  a  concept  inferred  from  the  QWIP  noise 
characteristics  with  the  additional  assumption  that  the  charge  transport  process  is 
emission  limited  is  derived  to  describe  the  current-voltage  characteristics  under  a 
low  electric  field  condition.  This  current  model  was  examined  for  both  bound-to- 
continuum  transition  (BTC)  and  bound-to-minband  transition  (BTM)  QWIPs.  The 
excellent  agreement  between  the  measured  and  calculated  dark  currents  confirms  our 
model  assumptions. 
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3.2    Device  Operation  under  Equilibrium 

Detailed  noise  measurements  on  both  n-type  and  p-type  QWIPs  will  be  presented 
in  chapter  4  and  chapter  5.  Under  low  electric  fields[33],  the  results  showed  that 
the  thermally  generated  conducting  carriers  diffuse,  on  the  average,  to  the  nearest 
neighboring  quantum  well  where  they  subsequently  recombine.  From  this  observation, 
the  following  picture  emerges  for  the  operation  of  a  QWIP  at  zero  bias:  Carriers  are 
being  thermally  generated  from  the  quantum  well  bound  states  into  the  extended 
continuous  states  with,  in  equilibrium,  equal  probabilities  for  transferring  to  the  next 
neighboring  quantum  well  on  the  anode  or  cathode  side.  The  carrier  lifetime  in  the 
bound  states  t,  can  be  calculated  from[33] 

G=PJt,  (3.2) 

where  G  is  the  equilibrium  thermal  generation  rate  and  P,  is  the  number  of  carriers 
in  the  bound  states. 

The  thermal  generation  rate  per  unit  volume  of  the  n-type  miniband  QWIPs 
discussed  in  chapter  2  is  around  lO^^cm-^s-^  at  77K  resulting  in  the  electron  lifetime 
to  be  about  5  ^s[32].  The  thermal  generation  rate  of  QWIP-D  is  3.8  x  lO^^cm-^s-^  at 
lOOK  resulting  in  a  hole  lifetime  of  53  /xs  [33].  The  above  two  examples  show  that,  in 
general,  the  r,  value  is  large  compared  to  the  intra-well  carrier  scattering  time  which 
we  estimate  in  the  picosecond  range  thus,  allowing  the  carriers  to  fully  thermalize  in 
the  wells.  This  thermalization  process  decouples  the  statistical  fluctuations  in  carrier 
transport  through  a  barrier  region  from  one  section  to  the  next. 

As  a  result,  if  the  ratio  of  the  active  device  length  over  the  extended  state  carrier 
trajectory  is  equal  to  M,  a  QWIP  can  be  thought  of  as  consisting  of  M,  statistically 
independent,  sections  each  made  up  of  a  barrier  region  with  two  doped  quantum  wells 
as  contacts  from  which  the  carriers  are  emitted. 
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3.3    Thermal  Generation  Current 

In  equilibrium,  the  net  current  through  any  cross-sectional  plane  is  zero  which 
results  from  the  detailed  balance  between  two  opposing  thermally  generated  currents 
Iq.  Assuming  full  shot  noise  in  each  current,  the  current  noise  spectral  density  of  a 
single  section  is  [30] 

Si{3ection)  =  49/0  (3.3) 

where  q  is  the  charge  of  the  carrier.  The  measured  current  noise  from  M  statistically 
independent  sections  in  series  becomes  then 

Using  the  Nyquist  expression,  the  current  noise  spectral  density  is  calculated  as 

AkT 

Si(Nyquist)  =  (3.5) 

-n-(ac) 

where  k  is  the  Boltzmann  constant,  T  is  the  temperature  in  Kelvin,  and  R^ac)  is  the 
dynamic  resistance  of  the  device  in  equilibrium.  From  Eq.  (3.3),  (3.4),  and  (3.5),  the 
generation  current  Iq  is  derived  to  be 

°  -     —  (3-6) 

Since  the  dynamic  resistance  can  be  calculated  by  differentiating  the  dark  current 
with  respect  to  applied  voltage,  the  thermally  generated  dark  current  in  equilibrium 
can  be  obtained  if  the  value  of  M  is  known. 


3.4    Dark  Current  Model  under  Low  Fields 

Without  applying  bias  voltage  to  the  device,  the  activation  energy  seen  by  the 
carriers  in  the  quantum  well  ground  states  is  Ei,.  The  thermal  generation  current  Iq 
is  proportional  to  exp{-Eb/kT).  When  an  electric  field  is  present,  the  energy  band 
diagram  will  be  tilted  and  the  effective  energy  barrier  will  be  reduced  by  approxi- 
mately AEs  =  qS^L^,  where      is  the  electric  field  in  the  well  and       is  the  well 
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width.  This  barrier  lowering  effect  due  to  the  electric  field  will  cause  an  increase  in 
the  carrier  generation  rate  resulting  in  an  increase  in  the  thermal  generation  current 
value.  In  addition,  image-force-induced  barrier  lowering  should  be  taken  into  account 
.  because  of  the  high  doping  concentration  in  the  quantum  wells. 

V  v    Using  the  Schottky  model,  the  barrier  lowering  gA^  is  given  by[34] 

where  Sf,  is  the  applied  field  present  in  the  barrier  region,  is  the  dielectric  constant, 
and  Co  is  the  free  space  permittivity.  The  total  energy  barrier  lowering  A£',  including 
both  the  electric  field  effect  and  the  Schottky  image  effect,  can  be  expressed  as 

A£  =  9A<^  -i-  qS^L^  (3.8) 

Hence,  the  thermal  generation  current  with  a  bias  voltage  applied  becomes 

Itk  =  Ioexp{—)  (3.9) 

where  we  assume  that  the  charge  transport  process  is  emission  limited  and  not  colli- 
sion limited.  When  an  electric  field  is  present  producing  a  voltage  drop  Vf,  across  a 
section,  the  total  net  current  emitted  from  two  opposing  quantum  wells  is  given  by 

/=/4l-exp(-^)]  (3.10) 

In  equilibrium,  the  saturation  current  Ith  is  equal  to  /q  and  the  total  current  will 
become  equal  to  zero. 

3.5    Measured  and  Modelled  Dark  Currents 

Dark  currents  of  two  p-type  BTC  transition  QWIPs  are  presented  in  section 
3.5.1  and  compared  to  the  current  model.  Section  3.5.2  compares  the  measured  dark 
current  with  modelled  current  for  three  BTM  QWIPs  including  two  n-type  QWIPs 
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discussed  in  the  previous  chapter.  Table  3.1  lists  the  device  parameters  of  three  p- 
type  QWIPs  used  in  this  study,  where  Ap  is  the  spectral  response  peak  in  wavelength, 
Li  is  the  width  of  the  barrier,  and  A'^  is  the  number  of  periods. 

3.5.1    Dark  current  for  BTC  QWIPs 

The  /o-values  of  QWIP-D  were  calculated  from  Eq.  (3.6)  for  different  tempera- 
tures using  M=N.  Table  3.2  shows  these  /o-values  and  the  relevant  parameters. 

Assuming  a  position  independent  electric  field  under  low  bia^  voltage,  the  dark 
current-voltage  characteristic  of  QWIP-D  was  calculated  using  the  extracted  /o-values 
and  compared  with  measured  data  in  Fig.  3.1  for  different  temperatures.  The  good 
agreement  between  the  calculated  and  measured  dark  current  supports  our  model  that 
at  low  fields  the  holes  are  thermally  generated  from  a  quantum  well  and  travel,  on 
average,  one  period  before  they  trap  into  the  nearest  neighboring  quantum  wells,  i.e., 
M=N.  When  the  applied  field  becomes  higher  a  significant  fraction  of  the  holes  will 
travel  more  than  one  period,  revoking  the  assumption  of  M  statistically  independent 
sections.  Consequently,  Eq.  (3.10)  can  no  longer  be  used  to  calculate  the  current 
characteristic  of  the  QWIP. 

Fig.  3.2  shows  the  dark  current-voltage  characteristics  of  QWIP-E.  Again,  the 
current  was  calculated  assuming  a  constant  applied  electric  field  throughout  the  device 
and  M=N.  A  good  agreement  between  the  calculated  and  measured  data  indicates 
that  again,  as  in  QWIP-E  the  holes  travel  one  period  before  they  recombine.  The 
pertinent  parameters  for  QWIP-E  are  listed  in  Table  3.3. 

3.5.2    Dark  current  for  BTM  QWIPs 

Fig.  3.3  shows  the  measured  dark  current  as  well  as  the  modelled  current  for 
QWIP-F  which  is  a  stepbound-to-miniband  p-type  QWIP.  In  the  current  calculation, 
M  is  assumed  equal  to  N.  To  obtain  good  agreement  between  the  measured  and 
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modelled  current  values,  we  assumed  that  the  electric  field  inside  the  quantum  well  is 
only  67%  of  the  value  in  the  barrier  region.  Tliis  seems  to  be  a  reasonable  assumption 
if  one  takes  into  account  that  the  quantum  wells  in  this  device  have  a  higher  doping 
density  than  the  wells  in  the  other  QWIPs.  Our  current  model  predicts  correctly 
the  current  for  all  temperatures  and  bias  voltages  measured  indicating  that  holes 
travel  one  period  before  recombining  into  the  quantum  wells  in  this  miniband  QWIP. 
Table  3.4  lists  the  pertinent  parameters  for  calculating  the  QWIP-F  dark  current. 

Fig.  3.4  shows  the  dark  current  for  two  n-type  miniband  QWIPs  at  77K.  The 
dynamic  resistance  for  QWIP-B  is  4.3  MJl  resulting  in  a  value  for  the  current  spectral 
density  of  1  x  10"^^  I  Hz.  Due  to  the  small  effective  mass  of  an  electron  in  GaAs,  the 
carrier  mobility  and  thus  the  conductivity  in  a  n-type  QWIP  quantum  well  is  much 
higher  than  in  a  p-type  QWIP  quantum  well.  Therefore,  using  current  continuity 
we  may  argue  that  the  voltage  drop  inside  the  n-type  wells  can  be  neglected.  By 
treating  this  n-type  QWIP  as  N  statistically  independent  sections  in  series,  we  found 
good  agreement  between  the  calculated  dark  current  and  the  measured  data  up  to 
5V,  indicating  that  on  the  average  the  electrons  travel  one  period  before  recombining. 

The  dynamic  resistance  of  QWIP-A  is  2  Kfi  which  results  in  a  current  spectral 
density  value  of  2  x  10"^"*  A^IHz.  Instead  of  assuming  N  statistically  independent 
sections  in  series  for  this  QWIP,  we  used  M  =  y  in  our  dark  current  calculation  to 
obtain  agreement  between  theory  and  experiment  up  to  1.5V,  indicating  that  electrons 
travel  two  periods  before  they  recombine  into  quantum  well  ground  states  in  this  bias 
range. 

In  summary,  we  have  proposed  and  verified  a  model  for  low  bias  device  operation 
of  n-  and  p-type  QWIPs.  The  QWIPs  can  be  thought  of  as  consisting  of  M  statistically 
independent  sections,  where  M  is  equal  to  the  ratio  of  the  device  length  over  the 
average  travehng  distance  of  the  mobile  carriers  under  low  fields. 
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Table  3.1:  Device  parameters  for  three  different  p-type  QWIPs. 


BTC  QWIP  SBTM  QWIP 


D.U.T. 

QWIP-D 

QWIP-E 

QWIP-F 

QW 

Ino.2Gao.8As 

Ino.15Gao.85As 

T  A 

lno.l2*J«k).88AS 

(A) 

48 

48 

90 

barrier 

Alo.15Gao.85As 

Alo.^Gao.gAs 

GaAs/ Alo.35Gao.65  As 

h  (A) 

500 

500 

490 

Ap  (fim) 

7.5 

9.2 

10 

doping  {cm~^) 

2  X  10^* 

2  X  lO^* 

' .    3  X  IQi* 

N 

20 

20 

20 

area  (m^) 

4.7  X  10-* 

7.5  X  10-* 

4.7  X  10-* 

M 

N 

N 

N 

Table  3.2:  /o- values  and  related  parameters  for  QWIP-D. 


T(K) 

R(ac)  {^) 

Si{Nyquist)  {A^  1 H z) 

h{A) 

80 

16.8  M 

2.6  X  10-2* 

8.1  X  10-^ 

89 

1.65  M 

3.0  X  10-2' 

9.4  X  10-* 

100 

145  K 

3.8  X  10-2^ 

1.2  X  10-^ 

112 

21.6  K 

2.9  X  10-" 

9.1  X  10-^ 

130 

2.25  K 

3.2  X  10-2" 

1.0  X  lO-'' 

Table  3.3:  /o-values  and  related  parameters  for  QWIP-E. 


T  (K)     R(ac)  {^)     Si(Ny,uUt)  {A^ H z)  Ip  (A) 
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6.0  M 

3.9  X  10-2* 

1.2  X  10-8 

50 

3.1  M 

8.9  X  10-28 

2.8  X  10-8 

60 

1.0  M 

3.3  X  10-" 

1.0  X  lO-'' 

70 

140  K 

2.8  X  10-2« 

8.8  X  10-^ 

77 

28  K 

1.5  X  10-25 

4.7  X  10-^ 

Table  3.4:  /o-values  and  related  parameters  for  QWIP-F. 


T  (K)      R(ac)  (fi)      S,(Ny,uist)  {A^ H z)  /q  {A) 


49 

27  M 

1.0  X  10-28 

3.1  X  10-^ 

61 

710  K 

4.7  X  10-2^ 

1.5  X  10-^ 

71 

69  K 

5.7  X  10-26 

1.8  X  10-6 

77 

21  K 

2.0  X  10-25 

6.3  X  10-6 

87 

4.9  K 

9.8  X  10-25 

3.1  X  10-5 

0.1  0.2  0.3  0.4  0.5 

Bias  voltage  V  (V) 


Figure  3.1  Dark  current  versus  bias  voltage  for  QWIP-D. 
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Figure  3.2  Dark  current  versus  bias  voltage  for  QWIP-E. 
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Figure  3.3  Dark  currait  versus  bias  voltage  for  QWIP-F. 
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Bias  voltage  V  (V) 


Figure  3.4  Dark  currait  versus  bias  voltage  for  QWIP-A  and  QWIP-B 
at77K. 


CHAPTER  4 

NOISE  CHARACTERIZATION  OF  N-TYPE  BOUND-TO-MINIBAND 

TRANSITION  QWIPS 

4.1  Introduction 

Dark  current  noise  measurements  between  10^  and  10'  Hz  were  carried  out  at 
77K  on  three  different  III-V  quantum  well  infrared  photodetectors  (QWIPs)  designed 
for  8-12/im  infrared  (IR)  detection [32].  These  devices  have  superlattice  (SL)  barriers 
leading  to  miniband  transport  in  the  extended  conduction  band.  Two  of  the  QWIPs 
are  bound-to-miniband  (BTM)  transition  QWIPs[6].  The  other  QWIP  is  a  step- 
bound-to-miniband  (SBTM)  transition  QWIP [4].  Two  types  of  noise  contributing  to 
the  overall  spectrum  were  identified.  At  low  and  moderate  applied  voltage  values, 
generation-recombination  (g-r)  noise  is  the  dominant  noise  source.  This  type  of  noise 
is  due  to  fluctuations  in  the  trapping  and  detrapping  rates  of  electrons  in  the  quantum 
well  boundstates.  At  zero  bia^,  the  current  noise  spectral  density  of  the  g-r  noise 
conforms  to  the  well-known  Nyquist  expression  as  predicted  by  Rose[37].  At  high 
bias  voltage,  l//-like  noise  becomes  large  and  dominant.  The  noise  measurements 
provide  not  only  the  output  noise  current  used  in  detectivity  calculations  but  also  an 
alternate  method  to  determine  the  gain  of  a  QWIP. 


50 


51 

4.2    Device  Description 

4.2.1    Physical  structure 

Device  parameters  are  listed  in  Table  2.1,  where,  Lb  represents  the  total  superlat- 
tice  (SL)  barrier  width  between  two  adjacent,  photonic  active,  quantum  wells  (QW), 
and  Nd  denotes  the  donor  doping  concentration  of  the  quantum  wells. 

QWIP-A  was  grown  on  a  semi-insulating  In?  substrate.  A  1-^m  Ino.53Gao.47As 
buffer  layer  with  doping  density  of  2  x  10^*cm~^  wais  first  grown  on  the  In?  substrate, 
followed  by  the  growth  of  20  periods  of  Ino.53Gao.47As  quantum  wells  with  a  well 
width  of  llOA  and  a  dopant  density  of  5  x  lO^'^ cm~^.  The  layers  on  each  side  of  the 
quantum  well  consist  of  6  periods  of  undoped  Ino.52Alo.48As  (35A)  /  Ino.53Gao.47As 
(50A)  superlattice  barrier  layers.  A  0.3-/zm  n"^-lno.53Gao.47As  cap  layer  with  a  dopant 
density  of  2  x  lO^^cm"^  was  grown  on  top.  The  mesa  structure  for  the  QWIP  was 
formed  by  chemical  etching  through  the  QWIP  active  layers  and  stopped  at  the  n"*"- 
I1io.53Gao.47 As  buffer  layer  for  ohmic  contact.  The  ohmic  contact  was  formed  by  using 
electron  beam  (E-beam)  evaporation  of  AuGe/Ni/Au  films.  The  top  area  of  the  mesa 
is  1.92  X  Wyiw?. 

QWIP-B  has  the  same  structure  as  QWIP-A  but  uses  different  materials  and 
parameters.  The  buffer  layer  (1  /xm)  of  QWIP  B  is  GaAs  with  a  dopant  density 
of  1.4  X  lO^^cm"^.  Thirty  periods  containing  a  GaAs  quantum  wells  with  a  well 
width  of  85A  and  doping  concentration  of  4  x  lO^'^ cm~^  were  used.  The  barrier  layers 
are  formed  by  6  periods  of  undoped  GaAs  (26A)  /  Alo.ajGao.egAs  (78A)  superlattice 
layers.  The  cap  layer  was  formed  by  a  0.3-/im  GaAs  layer  with  a  doping  concentration 
of  2  X  W^cm-^.  The  top  area  of  this  QWIP  is  4  x  lOV^^- 

The  buffer  and  cap  layers  of  QWIP-C  consist  of  GaAs  with  a  doping  concen- 
tration of  1.4  X  lO^^cm"^.  The  thicknesses  of  these  two  layers  are  1  /xm  and  0.4 
/xm,  respectively.  Twenty  periods  containing  an  Ino.07Gao.93As  quantum  well  with  a 
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well  width  of  106 A  were  used  in  this  QWIP.  The  materials  used  for  the  superlattice 
barriers  are  GaAs  (59 A)  /  Alo.4Gao.6As  (30 A).  The  top  area  of  the  etched  mesa  is 
4.9  X  lO^'/xm^. 

4.2.2    Energy  band  diagram 

The  parameters  of  the  energy  band  diagrams  are  listed  in  Table  2.2.  The  symbol 
A^c  represents  the  conduction  band  offset  in  the  quantum  wells.  Ebs  and  Emb  stand 
for  the  bound  state  energy  level  and  the  miniband  energy  position,  respectively,  which 
are  referenced  with  respect  to  the  bottom  of  the  conduction  band  edge. 

The  conduction-band  discontinuity  for  QWIP-A  is  taken  as  AEc  =  500  meV. 
The  ground  state  of  the  quantum  well  lies  35  meV  above  the  conduction-band  edge. 
The  miniband  minimum  is  located  at  160  meV  and  the  width  of  this  miniband  is 
about  32  meV. 

QWIP-B  has  a  conduction-band  discontinuity  AEc  =  260  meV.  The  ground  state 
is  at  32  meV  and  the  miniband  starts  at  165  meV  with  a  width  of  6  meV. 

For  QWIP-C,  AEc  =  388  meV,  the  ground  state  of  the  quantum  well  is  Ebs  = 
22  meV,  and  the  miniband  ranges  from  136  meV  to  153  meV  above  the  bottom  of 
the  quantum  well. 

The  values  of  bound  state  and  miniband  energy  levels  were  calculated  using  a 
numerical  method  introduced  by  Shenoy[43].  For  the  bound  state  calculation,  the 
electron-electron  interaction  was  also  taken  into  account  [44]-[45]. 

4.3    Measurement  Setup 

We  performed  four  measurements  in  order  to  distinguish  the  low  noise  spec- 
tral density  of  the  QWIPs  from  the  amphfier  noise  contribution[46].  The  schematic 
diagram  of  the  first  noise  measurement  is  shown  in  Fig.  4.1.  Each  front-end  element 
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of  the  measuring  setup  has  corresponding  noise  sources  associated  with  it  as  depicted 
in  Fig.  4.2. 

The  Low  Noise  Amplifier  (LNA)  is  modelled  as  a  noise-free  amplifier  with  gain 
G  and  an  input  resistance  Ri  and  two  input  noise  sources  Sia,  Sya  as  indicated  in 
Fig.  4.2.  The  metal  thin  film  resistors  used  in  the  bias  networks  are  represented  as 
noise-free  resistors  in  parallel  with  a  current  noise  source  of  current  spectral  density 
Sr  =  The  QWIP  is  modelled  as  a  current  noise  source  of  spectral  density  5,d  in 

parallel  with  its  dynamic  resistance  Vd.  The  wet-cell  battery  used  to  bias  our  devices 
is  assumed  to  act  as  a  short  for  a.c.  signals  due  to  its  very  high  capacitance.  With 
this  model,  the  reading  of  the  spectrum  analyzer,  Mi^,  equals 


Ml'  = 


 2l 

Sva  +  {Sia  -r  Sibiaa  +  Sid)R  (4.1) 


where. 


R   =  — — ^  -,  the  resistance  of  i?,,  Rbias,  and     in  parallel. 

R  •  Rb 

Rbias   =  j-^ — ^-r  +  Rci  the  a.c.  equivalent  resistance  of  the  bias  resistors, 
[Ra  +  Rb) 

Rai  Rhi  and  Re- 
4ifc  T 

Sibiaa   =    -5  ,  the  overall  noise  current  generated  by  the  bias  resistors. 

tx-biaa 

In  the  second  measurement,  we  replaced  the  QWIP  by  a  metal  thin  film  resistor, 
Rd^  of  the  same  value  as  the  dynamic  resistance  of  the  QWIP.  The  second  reading  of 
the  spectrum  analyzer  becomes 


M2'  =  G' 


Sva  +  {Sia  +  Sibiaa  +  SiRd)R^]  (4.2) 


where,  R  in  Eq.  (4.2)  is  equal  to  R  in  Eq.  (4.1)  and  SiRd  equals 

For  the  third  measurement,  we  added  a  noise  source  which  is  built  internally  in 
the  HP3561A  analyzer,  in  series  with  Rd-  The  internal  resistance  of  the  noise  source 
is  50  n  and  its  noise  is  modeled  as  a  voltage  source  with  a  spectral  density  Svcai  in 
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series  with  a  50  f2  resistor.  For  the  QWIPs  under  study,  the  dynamic  resistance  is 
generally  much  larger  than  the  internal  resis  ;ance  of  the  noise  source.  We  can  then 
simplify  the  a.c.  equivalent  circuit  of  our  third  measurement  and  the  third  reading 
becomes 


Sva  +  ( Sia  +  'S't6tas  +  SiRd  ^  ^  J  R 


(4.3) 


The  last  measurement  consists  of  measuring  the  value  Svcai  by  connecting  the 
noise  source  directly  to  the  HP3561A  spectrum  analyzer.  From  this  measurement 

is  given  by  '     '  ii\ 

V   ^         .    ..         ■  M^  =  Sva.i  -  ■■    '  (4.4) 

With  a  simple  algebraic  manipulation  of  Eq.  (4.1)  through  Eq.  (4.4),  we  obtain 


S^^i^ff^).M(,ttsl  (4.5) 


which  is  the  current  spectral  density  of  the  QWIP  being  measured.  The  HP3561A 
spectrum  analyzer  has  a  bandwidth  of  100  kHz  and  allows  data  collection  via  a 
computer.  During  the  measurements  the  QWIPs  were  submerged  into  liquid  nitrogen 
to  maintain  a  77K  lattice  temperature. 

4.4    Dark  Current  and  Dynamic  Resistance 

An  important  parameter  entering  in  our  noise  expressions  is  the  dynamic  resis- 
tance of  the  QWIP.  In  order  to  find  this  parameter,  we  measured  the  dark  current  of 
our  samples  first.  Dark  current  was  measured  using  a  HP4145B  parameter  analyzer 
and  the  QWIP  device  was  also  submerged  into  liquid  nitrogen  during  the  measure- 
ment. 

The  dynamic  resistance  is  calculated  by  t  sing  the  first  term  of  a  Newton- Gregory 
central  polynomial  approximation[47], 


fix)  =  /(^  +  ^  -  fi'  -  h) 


2k 
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The  interpolating  interval  constant  h  for  QWIP-B  was  chosen  to  be  0.02V.  For  QWIP- 
;  A  and  QWIP-C,  the  constant  h  was  O.OIV.  Fig.  4.3,  Fig.  4.4,  and  Fig.  4.5  show  the 
dark  current  a;s  well  as  the  dynamic  resistance  versus  bias  voltage  for  these  three 
QWIPs  at  77K.  The  asymmetry  of  the  current-voltage  characteristic  is  due  to  growth 
artefacts[22]  and  has  been  discussed  in  chapter  2. 

i 

4.5    Experimental  Results  and  Discussion 

In  all  the  n-type  QWIP  applications,  the  device  is  always  operated  in  the  reverse 
bias  regime  which  has  a  lower  dark  current  resulting  in  a  better  detectivity.  Therefore, 
our  QWIP  noise  characteristic  studies  mainly  focus  on  this  regime  of  operation. 

4.5.1    Current  noise  spectral  density  ' 

  •  j 

Typical  current  noise  spectra  of  QWIP-A  are  shown  in  Fig.  4.6  for  four  different 
bias  voltages.  In  the  intermediate  frequency  range  (/  >  IK  Hz),  the  noise  spectral 
density  is  affected  by  RC  parasitic  effects,  but  after  corrections  are  made,  frequency 
independent  noise  levels  result.  These  noise  plateaus  are  attributed  to  electron  trap- 
ping and  detrapping  in  the  quantum  well  bound  states.  At  lower  frequencies,  the 
spectral  density  was  large  and  presumably  due  to  external  effects  such  as  pick  up  or 
boiling  of  the  nitrogen  or  due  to  internal  mechanisms  such  as  electron  trapping  in 
defects.  When  the  reverse  bias  voltage  was  greater  than  -1.06F  and  forward  bias 
voltage  greater  than  0.104F,  the  1/f  noise  became  so  large  that  it  dominated  the  g-r 
noise. 

:  Although  the  transition  mechanism  of  QWIP-B  and  QWIP-A  is  identical,  the 
material  used  to  form  the  quantum  wells  of  QWIP-B  is  GaAs  in  stead  of  InGaAs. 
The  heavier  effective  mass  of  GaAs  over  InGaAs  gives  a  higher  density  of  states  in  the 
quantum  wells.  Therefore,  even  though  QWIP-B  has  a  similar  doping  concentration 
as  QWIP-A,  the  dark  current  is  much  lower  resulting  in  the  d.c.  resistance  as  well  as 
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the  dynamic  resistance  for  this  QWIP  to  be  extremely  high.  Because  of  the  relatively 
high  dynamic  resistance,  especially  at  low  applied  bias  voltage,  low  bias  device  noise 
values  fall  below  the  detection  Hmit  of  our  setup.  We  measured  the  current  noise 
spectral  density  under  relative  high  bias  voltages  and  the  typical  spectra  are  shown 
in  Fig.  4.7.  Due  to  electric  break  down  of  the  device,  the  highest  reverse  bias  voltage 
reached  was  -7.4V.  The  strong  signal  at  low  frequencies  is  attributed  to  the  same 
mechanisms  as  in  QWIP-A.  Neglecting  this  signal  in  the  spectrum,  the  noise  level  Si 
is  independent  of  frequency. 

'  The  material  chosen  for  the  quantum  wells  of  QWIP-C  has  a  lower  conduction 
band  edge  than  the  material  used  in  the  superlattice  barriers.  As  a  result,  the  ground 
state  inside  the  quantum  well  has  a  lower  energy  level  than  the  conduction  band  edge 
of  the  superlattice  barriers.  The  purpose  of  this  design  is  to  lower  the  dark  current 
of  the  device[4].  Noise  measurements  were  performed  on  this  QWIP  for  forward  bias 
voltages  between  0.255V  and  1.19V',  and  reverse  bias  voltages  between  -0.267^  and 
-3.88y.  We  found  that  QWIP-C  displays  quantum  well  g-r  noise  up  to  a  forward  bias 
of  0.9y  and  a  reverse  bias  of  —3.1V  after  which  1//  noise  again  becomes  dominant. 
Typical  current  noise  density  spectra  of  QWIP-C  are  shown  in  Fig.  4.8. 

4.5.2    Electron  diffusion  length  and  noise  ga,n 

i  The  noise  measured  at  intermediate  frequencies  reveals  noise  plateau  levels  which 
we  attribute  to  electron  trapping  and  detrapping  in  quantum  well  boundstates.  These 
noise  plateaus  are  plotted  as  a  function  of  applied  bias  voltage  in  Fig.  4.9.  The  arrows 
indicate  current  noise  levels  calculated  using  the  Nyquist  expression  [48] 

5<  =  il'T^  (4.7) 
where  k  is  the  Boltzmann  constant  and  T  is  the  temperature  of  the  QWIP  in  Kelvin. 

Rose[37]  predicted  that  there  is  a  critical  field  Sc  or  voltage  Vc  where,  in  his  own 
words,  the  photoconductor  noise  current  exceeds  the  Johnson  or  Nyquist  value  and 
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becomes  field  dependent.  This  view  is  consistent  with  the  measured  data  of  QWIP-A 
as  shown  in  Fig.  4.9.  In  this  interpretation,  the  low  field  noise  is  not  caused  by  velocity 
fluctuations  but  by  the  same  number  fluctuation  mechanism  which  is  responsible  for 
the  high  field  or  high  bias  noise  levels. 
The  critical  field  Sc  is  given  by[37] 

Sc  =  ^  ^ : ; »  ,  -  (4.8) 

As  mentioned  in  chapter  3,  the  electrical  field  inside  the  quantum  wells  is  negligi- 
ble compared  to  the  field  in  the  barrier  regions.  Assuming  a  position  independent 
electrical  field,  the  critical  voltage  can  be  expressed  as  *'^- 

kT 

Vc  =  ^-L  (4.9) 

where  L  =  {N  +  l)Li,,  Li,  is  the  width  of  the  barrier,  N  is  the  number  of  quantum 
wells,  and  Ld  is  the  length  of  the  extended  state  trajectory,  which  at  low  bias  could 
be  referred  to  as  diffusion  length. 

From  Fig.  4.9,  we  infer  K  =  0.08V  for  QWIP-A,  resulting  in  Ld  =  802A,  which 
is  close  to  the  spacing  of  two  barriers  (920A).  This  seems  to  indicate  that,  in  or  near 
equilibrium,  thermally  generated  carriers  on  the  average  diffuse  two  barrier  regions 
and  then  recombine  into  the  quantum  wells.  This  result  is  consistent  with  the  result 
in  chapter  3. 

For  QWIP-B  and  QWIP-C  accurate  values  for  K  can  not  be  determined  directly 
from  the  noise  data  presented  in  Fig.  4.9  due  to  the  fact  that  the  QWIP  current  noise 
levels  lie  below  our  detection  limit.  However  extrapolating  from  the  high  bias  noise 
levels  to  Nyquist  values  calculated  from  Eq.  (4.7)  results  in  Ld  =  42A  for  QWIP- 
B  and  Ld  =  432A  for  QWIP-C.  The  small  I^-value  of  QWIP-B  suggests  that  the 
thermally  generated  electrons,  at  low  bias,  trap  in  the  same  well  they  were  generated 
from.  The  Ld  value  calculated  for  QWIP-C  is  close  to  the  interwell  spacing  indicating 
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that  thermally  generated  electrons  diffuse  to  the  next  adjacent  well  and  recombine 
there. 

Hence  the  following  picture  emerges.  Electrons  are  thermally  generated  in  the 
!  quantum  wells,  producing  locally  an  excess  electron  density  in  the  extended  miniband 
conduction  states  which  subsequently  spreads  out  into  the  superlattice  regions.  The 
extended  state  electron  trajectory,  Ld,  which  might  be  affected  by  collision  and/or 
tunneling,  our  noise  measurements  and  interpretation  do  not  discriminate  between 
these  two  modes  of  transport,  is  terminated  by  trapping  in  a  quantum  well.  At  zero 
or  low  electric  fields  this  turns  out  to  be  the  quantum  well  electrons  originate  from 
(QWIP-B),  the  next  nearest  neighboring  well  (QWIP-C)  or  the  next  to  nearest  neigh- 
boring well  (QWIP-A).  At  higher  fields  the  electron  trapping  probability  becomes 
smaller,  as  explained  in  the  next  section,  which  increases  the  extended  state  electron 
trajectory,  thereby  improving  the  coupling  to  the  external  circuit  and  increasing  the 
noise  gain  and  the  current  noise  level.  \ 

The  spectral  density  for  g-r  noise  in  photo  conductors  is  usually  expressed  as 

i  Vo=4g7y  (4-10) 

where,  —q  is  the  electron  charge,  /  is  the  mean  current,  and  g  is  defined  as  the  noise 
gain,  which  is  identical  to  the  optical  gain  at  high  bias  and  for  deep  trap  centers[31]. 

In  Fig.  4.10,  we  plotted  the  noise  gain  versus  bias  voltage.  For  all  three  devices 
the  noise  gain  increases  with  increasing  bias  voltage. 

4.5.3    Electron  trapping  probability  and  thermal  electron  generation  rate 

The  electron  trapping  probability  can  be  expressed  in  terms  of  noise  gain[31]  as 

where,  p  is  the  electron  trapping  probability  of  a  single  well,  A''  is  the  total  number 
of  quantum  wells  of  the  device,  and  g  is  the  noise  gain  calculated  from  Eq.  (4.10). 
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We  plotted  the  trapping  probability  versus  bias  voltage  in  Fig.  4.11.  It  shows 
that  the  electron  trapping  probability  p  decreases  with  increasing  bias  voltage  and 
that  the  trapping  probabiHty  for  QWIP-B  is  relatively  high.  This  agrees  with  the 
physical  picture  that  at  low  bias  the  electrons  in  QWIP-B  trap  in  the  well  they  are 
generated  from.  For  higher  bias,  the  electron  escape  probability  will  increase  due  to 
field  assisted  lowering  of  superlattice  barriers  resulting  in  lower  trapping  probabilities. 

The  dark  current  noise  can  be  expressed  as  [31] 

1  • 

where  5,  is  the  spectral  current  density,  /  is  the  dark  current,  N  is  the  number  of 
quantum  wells,  g  is  the  thermal  electron  generation  rate  per  unit  volume,  A  is  the 
device  area,  and       is  the  width  of  the  quantum  well. 

'      We  plotted  the  noise  current  spectral  density  versus  dark  current  in  Fig.  4.12. 
The  solid  lines  illustrate  an  P  dependency.  QWIP-A  shows  a  clear  P  dependence. 
For  QWIP-B  and  QWIP-C,  the  slight  deviation  of  the  measured  data  from  an  P 
dependence  in  the  high  dark  current  region  is  attributed  to  an  increase  in  the  thermal 
electron  generation  rate.  This  effect  is  highli|;hted  in  Fig.  4.13,  where  we  plotted  the 
thermal  electron  generation  rate  g,  calculated  from  Eq.  (4.12),  versus  applied  bias 
voltage.  The  data  of  QWIP-A  indicate  that  g  is  independent  of  bias  voltage  within 
the  experimental  error,  whereas  in  QWIP-B  and  QWIP-C  g  increases  exponentially 
with  bias  voltage  because  the  electric  field  inside  the  well  regions  of  these  devices 
tilts  the  energy  band  diagram  of  the  photonic  active  quantum  wells  in  the  direction 
of  carrier  flow  effectively  reducing  the  thermal  activation  energy  required  to  excite 
electrons  from  the  bound  state  to  the  miniband  state[31].  Since  the  activation  energy 
reduction  is  proportional  to  the  applied  bias  voltage  and  g  depends  exponentially  on 
the  electron  activation  energy,  an  exponential  variation  of  g  with  the  applied  bias 
voltage  is  expected  as  is  confirmed  by  the  data  displayed  in  Fig.  4.13  for  QWIP-B 
and  QWIP-C. 
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4.6  Conclusions 

In  this  chapter,  noise  studies  on  three  n-type  miniband  transition  QWIPs  have 
been  carried  out  at  77K.  For  frequencies  between  10^  and  10^  Hz,  noise  plateau  levels 
stemming  from  the  trapping  and  detrapping  of  electrons  in  the  quantum  wells  were 
observed  in  QWIPs  with  superlattice  barriers.  From  the  measured  noise  data,  the 
low  bias  diffusion  length,  the  bias  dependent  noise  gain,  and  the  electron  trapping 
probability  were  calculated. 

:  Values  for  the  electron  diffusion  length  indicate  that  electrons  at  low  bias  are 
either  trapped  in  the  well  they  are  generated  from,  the  nearest  neighboring  well,  or  the 
next  to  nearest  neighboring  well.  The  dark  current  noise  is  shown  to  be  proportional 
to  the  current  squared  if  the  thermal  electron  generation  rate  is  independent  of  bias 
voltage.  >  ^        :^  •  ' 


ure  4.1  Noise  measuremait  setup:  the  schematic  diagram  for  measuring  M 


Figure  4.2  Noise  measurement  setup:  noise  equivalent  circuit  for  measuring  M 
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Bias  voltage  V  (V) 


Figure  4.3  Dark  current  and  dynamic  resistance  versus  applied  bias 
voltage  for  QWIP-A  at  77K. 


Figure  4.4  Dark  current  and  dynamic  resistance  versus  applied  bias 
voltage  for  QWIP-B  at  77K. 
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Bias  voltage  V  (V) 


Figure  4.5  Dark  current  and  dynamic  resistance  versus  applied  bias 
voltage  for  QWIP-C  at  77K. 
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Figure  4.6(a)  Current  noise  spectral  density  versus  frequency 
for  QW-A  at  77K. 
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Figure  4.6(b)  Currait  noise  spectral  density  versus  frequency 
for  QWIP-A  at  77K. 
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Figure  4.7(a)  Current  noise  spectral  density  versus  frequency 
for  QW-B  at  77K. 
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Figure  4.7(b)  Current  noise  spectral  density  versus  frequency 
for  QWIP-B  at  77K. 
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Figure  4.8(a)  Current  noise  spectral  density  versus  frequency 
for  QWIP-C  at  77K. 
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Figu re  4.8(b)  Current  noise  spectral  density  versus  frequency 
for  QWIP-C  at  77K. 
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Figure  4.8(c)  Current  noise  spectral  density  versus  frequency 
for  QWIP-C  at  77K. 
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Figure  4.9  Current  noise  spectral  density  versus  applied  reverse  bias 
voltage  at  77K. 
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Figure  4.10  Noise  gain  versus  applied  reverse  bias  voltage  at  77K. 
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Figure  4.11  Electron  trappingprobability  versus  applied  reverse  bias 
voltage  at  77K. 


Figure  4.12  Current  noise  spectral  density  versus  reverse  bias 
dark  currait  at  77K. 
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Figure  4.13  Thermal  electron  generation  rate  per  unit  volume  versus  applied 
reverse  bias  voltage  at  77K. 


CHAPTER  5  '  ■ 

NOISE  CHARACTERIZATION  AND  DEVICE  PARAMETER  EXTRACTION  IN 

P-TYPE  STRAINED  LAYER  QWIPS 

5.1  Introduction 

In  this  chapter,  the  dark  current  noise  measurements  between  10^  and  10^  Hz 
were  carried  out  on  a  compressively  strained  p-type  InGaAs/AlGaAs  quantum  well 
infrared  photodetector  as  a  function  of  temperature  and  bias  voltage[33].  The  mea- 
surement results  show  that  number  fluctuation  noise  associated  with  the  generation 
and  recombination  of  holes  from  and  to  the  quantum  well  bound  states  and  the  ex- 
tended valence  band  states  is  the  dominant  noise  source  down  to  10  Hz.  At  low 
bias  the  number  fluctuation  noise  translates  into  current  fluctuation  noise  via  hole 
diffusion,  whereas  at  higher  bias  values  the  coupling  is  via  the  hole  drift  current 
component.  By  applying  a  wide  range  of  bias  voltages,  both  the  diff^usion  and  drift 
dominant  regimes  of  operation  could  be  investigated.  Our  measurements  indicate  that 
the  field  induced  barrier  lowering  and  the  Schottky  image  effect  strongly  influence  the 
device  characteristics. 

In  stead  of  using  the  generally  unknown  phenomenological  parameters  such  as 
noise  gain  and  well  capture  probability,  we  developed  a  model  based  on  a  priori 
known  quantities  such  as  the  electric  field  and  the  quantum  well  features  to  explain 
the  observed  noise  levels  in  the  diffusion  and  drift  regimes.  Based  upon  this  model, 
a  value  for  the  low  field  hole  diffusion  length  and  the  capture  cross-section  for  hole 
trapping  can  be  extracted  from  the  noise  data.    In  addition  we  observe  that  the 
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thermally  generated  heavy  holes  diffuse,  at  low  fields,  on  the  average  to  the  nearest 
neighboring  quantum  well  where  they  subsequently  recombine.  This  recombination 
process  is  triggered  by  hole  scattering  with  the  acceptor  centers  of  which  the  capture 
cross  section  could  be  calculated. 

5.2    Device  Description 

The  p-type  QWIP  under  study  was  grown  on  a  semi-insulating  GaAs  substrate  by 
molecular  beam  epitaxy.  This  QWIP  consists  of  20  periods  of  Be-doped  Ino.2Gao.8As 
quantum  wells  of  48  A  in  width  with  dopant  density  2  x  lO^^cm"^,  separated  by  500 
A  undoped  Alo.isGao.ssAs  barriers.  A  0.3  fim  cap  layer  and  a  1.0  /xm  buffer  layer  of 
Be-doped  AlGaAs  with  a  dopant  density  of  5  x  lO^^cm"''  were  also  grown  to  serve 
as  top  and  bottom  ohmic  contacts.  The  Ino.2Gao.8As  quantum  wells  are  in  biaxial 
compression  with  a  designed  lattice  mismatch  of  nearly  -1.4%.  A  100  A  undoped 
barrier  layer  of  Alo.15Gao.85As  was  grown  between  the  contact  layer  and  the  QWIP 
structure  to  reduce  the  dark  current  tunneling  through  the  contact. 

The  hole  transition  was  designed  to  be  from  the  heavy  hole  ground  state  (HHl) 
to  the  third  heavy  hole  state  (HH3).  The  HHl  and  HH3  are  located  24  meV  and  190 
meV  below  the  quantum  well  valance  band  edge,  respectively.  The  experiments  were 
performed  on  a  216  x  216/im^  mesa  formed  by  wet  chemical  etching. 

j  5.3    Experimental  Setup 

Measurements  were  carried  out  using  standard  noise  measurement  procedures 
which  have  been  discussed  in  chapter  4.  A  Brookdeal  5004  low  noise  amplifier  (LNA) 
which  has  an  input  referred  current  noise  5.a  «  4  x  10""^  was  used  to  amplify 
the  signal  generated  by  the  device.  Due  to  the  low  current  noise  and  high  dynamic 
resistance  of  this  p-type  QWIP  under  low  bias  conditions,  our  detection  was  limited 
by  this  amplifier  current  noise  component.  The  spectral  density  of  the  output  of  the 
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LNA  was  measured  using  a  HP3561A  spectrum  analyzer  which  has  a  bandwidth  of 
100  kHz  and  allows  data  collection  via  a  computer. 

During  the  measurement,  the  device  was  placed  in  a  CT-310  Cryotran  which  is  a 
liquid  helium  flow  cryostat  made  by  LakeShore  Cryotronics.  In  stead  of  using  liquid 
helium  as  the  coolant,  liquid  nitrogen  was  used  with  DTC-500SP  temperature  con- 
troller to  vary  the  device  temperature  from  81K  to  room  temperature.  This  cryostat 
also  acted  as  an  external  noise  shield.  In  order  to  extract  the  device  parameters, 
all  the  measurements  were  carried  out  at  temperatures  higher  than  the  device  BLIP 
temperature  of  63K. 

5.4    Measurement  Results 

The  dark  currents  under  both  forward  and  reverse  bias  voltages  were  measured 
using  a  HP4145B  semiconductor  parameter  analyzer  and  are  shown  in  Fig.  5.1  for 
different  temperatures.  Since  the  QWIP  is  a  two  terminal  device,  the  reverse  bias  is 
defined  as  the  direction  having  a  smaller  dark  current  when  a  bias  voltage  is  applied. 
The  dynamic  resistance  was  calculated  using  Eq.  (4.6)  and  plotted  versus  bias  voltage 
in  Fig.  5.2  for  different  temperatures. 

Current  noise  spectra  were  measured  for  the  reverse  bias  voltages  which  are 
designed  to  bias  the  device  for  IR  detection.  Our  temperature  range  was  determined 
by  the  lowest  temperature  that  we  could  achieve  with  this  setup  (81K)  and  on  the  high 
side  by  the  maximum  DC  current  (2  mA)  that  we  allowed  to  flow  through  the  device. 
The  latter  limited  our  temperature  to  130K.  Noise  spectra  were  measured  from  10 
Hz  to  100  kHz.  Fig.  5.3  shows  the  typical  current  noise  density  spectra  at  81K.  In 
the  high  frequency  range  (/  >  IKHz),  the  noise  spectral  density  is  affected  by  RC 
parasitic  effects,  but  after  corrections  are  made,  frequency  independent  noise  levels 
result.  These  noise  plateaus  are  attributed  to  hole  trapping  and  detrapping  in  the 
quantum  well  bound  states.  Fig.  5.4  to  Fig.  5.7  show  the  current  noise  density  spectra 
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for  temperature  from  89K  to  130K,  respectively.  At  higher  applied  bias  voltage  or 
higher  temperature,  the  dynamic  resistance  is  smaller  which  reduces  the  RC  parasitic 
effects  at  high  frequency  range.  This  effect  can  be  observed  in  the  measured  noise 
spectra.  The  measured  data  indicate  that  most  of  the  current  spectra  are  frequency 
independent  down  to  10  Hz.  Only  at  high  bias  voltage  conditions,  eg.  \Vbias\  >  4V, 
excess  noise  shows  up  in  the  spectra  for  frequencies  below  100  Hz. 

Fig.  5.8  shows  the  noise  plateau  values  plotted  as  a  function  of  dark  current  for 
three  selected  temperatures.  From  this  plot,  two  different  regimes  of  operation  can 
be  recognized.  In  the  low  field  diffusion  dominant  regime,  noise  values  are  nearly 
independent  of  DC  current.  The  observed  low  bias  noise  values  agree  with  the  values 
calculated  form  the  Nyquist  expression  at  zero  applied  bias  voltage  for  all  the  mea- 
sured temperatures.  In  the  high  field,  drift  dominant  regime  however,  noise  values 
become  strongly  current  dependent.  This  general  behavior  is  quite  similar  to  what 
Rose  predicted  for  traditional  photo  conductive  devices[37]. 

5.5    Generation-Recombination  Noise  in  P-type  QWIPs 

5.5.1    Noise  mechanism 

If  the  hole  lifetime  in  the  valence  band  is  tq  and  in  the  quantum  well  bound  state 
is  r,,  then  the  particle  number  spectral  density  is  given  by [29]. 

Sp{f)  =  4G— ^  (5.1) 

where  r"^  «  Tq"^  and  G  is  the  average  hole  generation  rate  from  the  quantum  well 
ground  states  to  the  valence  band  extended  states.  In  equilibrium,  the  average  number 
of  holes  generated  from  the  quantum  well  ground  states  should  equal  the  average 
number  of  holes  recombining  from  the  valence  band  extended  states.  Assuming  the 
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total  number  of  holes  in  the  valence  band  is  Pq  and  in  the  quantum  well  bound  state 
is  P,,  We  have 

G  =  R    or     ^  =  ^  (5.2) 

Ts  To 

At  low  temperatures,  the  total  number  of  holes  in  the  valence  band  extended  states 
is  much  smaller  than  the  number  of  holes  in  the  quantum  well  ground  states  of  our 
undoped  barrier  QWIP  device.  Therefore,  Tq  is  much  smaller  than  t,  resulting  in 
T  K  tq.  This  implies  that  the  particle  number  spectral  density  at  low  frequencies 
becomes 

Sp  «  AGt^  (5.3) 

In  our  p-type  QWIP  with  undoped  barriers,  the  number  of  mobile  holes  is  equal 
to  the  total  number  of  holes  excited  from  the  quantum  well  ground  states.  The  dark 
current,  /j,  can  be  expressed  eis 

Id  =  qvpA  =  qv—  (5.4) 

where  v  is  the  average  hole  velocity,  p  is  the  hole  density  in  the  valence  band,  A  is  the 
device  cross-sectional  area,  and  L  is  the  active  device  length.  Then,  the  noise  current 
spectral  density  can  be  expressed  in  terms  of  Sp  as 

5.=  (f)'*  (5.5) 

In  the  absence  of  an  applied  field,  the  diffusion  length,  Ld,  is  the  distance  a  free 
carrier  diffuses  before  recombining  into  quantum  well  ground  states.  Therefore,  the 
current  noise  in  the  diffusion  dominant  regime  can  be  expressed  as 

5,=Vg(^)^Vg(^)'  (5.6) 

When  a  sufficiently  large  electric  field  is  applied,  the  transport  mechanism  becomes 
drift  dominated  and  Eq.  (5.6)  is  no  longer  vaHd.  By  using  Eq.  (5.2),  Eq.  (5.4),  and 
Eq.  (5.5),  the  current  noise  spectral  density  can  then  be  expressed  as 
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As  a  result,  the  current  noise  in  the  drift  dominant  regime  is  proportional  to  the  dark 
current  squared  and  inverse  proportional  to  the  total  hole  generation  rate. 

5.5.2    Hole  generation  rate 

Considering  quantum  well  ground  states  as  the  trap  states  for  the  holes  in  the 
valence  band  extended  states,  the  generation  rate  density,  g,  can  be  expressed  as 

g  =  iV....,iV„e(-^)  (5-8) 

where  iV,  is  the  doping  density  in  the  quantum  well,  nearly  equal  to  the  trapped 
hole  concentration,  v^h  is  the  hole  thermal  velocity,  a,  is  the  cross- sectional  area  for 
hole  trapping  into  the  quantum  well  ground  states,  and  is  the  effective  density  of 
states  of  the  valence  band.  and  Eo  are  the  valence  band  extended  state  energy 
and  quantum  well  ground  state  energy,  respectively.  For  a  p-type  QWIP  with  doped 
quantum  wells  and  undoped  barriers,  the  total  hole  generation  rate  can  be  expressed 
in  terms  of  generation  rate  density  as  G  =  NAL^g,  where  is  the  width  of  a 
quantum  well. 

In  equilibrium,  the  energy  barrier  seen  by  the  holes  in  the  quantum  well  ground 
states  is  E,,  =  Eo-  E^.  With  an  electric  field  present  in  the  well,  the  energy  band 
diagram  will  be  tilted  and  the  effective  energy  barrier  on  the  cathode  side  of  the 
quantum  well  will  be  reduced  by  approximately  ^Ee  =  qSL^,  where  S  is  the  electric 
field  in  the  well.  This  barrier  lowering  effect  due  to  the  electric  field  will  cause  an 
increasing  in  the  hole  generation  rate  when  a  bias  voltage  is  applied  to  the  device. 

In  addition,  the  image-force-induced  barrier  lowering  should  be  taken  into  ac- 
count because  of  the  highly  doped  state  of  the  quantum  wells.  When  a  hole  is  in 
the  barrier  region  at  a  distance  x  from  the  quantum  well/barrier  interface,  the  image 
force  is  given  by  Schottky[34]  as 
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where  q  is  the  hole  charge,  cq  is  the  permittivity  in  vacuum,  and  is  the  dielectric 
constant  of  the  barrier.  When  the  external  field  £  is  applied,  the  total  potential 
energy  PE  as  a  function  of  distance  [with  PE{x      oo)!^^^  =  0]  is 

The  Schottky  barrier  lowering  qA(j)  is  given  by  the  condition  '^^^fj^'^^  =  0,  resulting  in 


qA<f>  =  qJ-^  (5.11) 
V  47reo£r 

To  have  a  significant  Schottky  effect,  holes  inside  the  quantum  well  must  be  able 
to  form  a  charge  plane  (image  plane)  during  the  hole  escape  process [23].  Therefore, 
the  dielectric  relaxation  time,  Trei,  in  the  Fermi  sea  must  be  much  smaller  than  the 
hole  escape  time,  Te,c,  i.e., 

Te3c  >  Trel  =  eo€r/3  =  —  (5.12) 

qfxp 

where  p  is  the  resistivity  and  p  is  the  hole  mobihty. 

For  our  p-type  QWIP  with  a  quantum  well  doping  concentration  of  2  x  10^® cm"^, 
the  dielectric  relaxation  time  for  a  heavy  hole  is  approximately  7  x  10"^^5ec  by  assum- 
ing bulk  GaAs  heavy  hole  parameter  values.  On  the  other  hand,  the  escape  time  can 
be  estimated  from  the  time  it  takes  an  hole  to  pass  through  a  single  barrier  region. 

Lb 

Tesc  W  —  (5.13) 

where  v  =  is  the  average  hole  velocity.  With  a  500  A  barrier  width,  the  escape 

time  is  approximately  6  x  lO'^^sec  at  80K  and  5  x  IQ-^^sec  at  130K  by  assuming, 
again,  bulk  GaAs  parameter  values.  This  first  order  calculation  shows  that  t„/  is 
significantly  smaller  than  r^^  indicating  that  indeed  the  Schottky  effect  needs  to  be 
accounted  for. 
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The  total  energy  barrier  lowering  A£',  including  both  the  electric  field  effect  and 
the  Schottky  image  effect,  becomes 

AE  =  qA<j>  +  q£L^  (5.14) 
The  total  hole  generation  rate  is  then 

—  ,     Ek-AE.  ,  E^-AE. 

G  =  NAL^g  =  NAL^NaVthCTpKe^-^^^  =  NAL^Ce^-^^^  (5.15) 


In  the  following  we  will  neglect  a  possible  weak  temperature  or  field  dependence 
of  the  parameter  C. 

5.6    Device  Parameter  Extraction 

5.6.1    Comparison  between  current  noise  and  experimental  data 

The  expression  for  the  noise  current  plateau  values  in  the  drift  dominant  regime 
can  be  written,  using  Eq.  (5.15),  as 

—  ,    £fc-AE,  (5.16) 

NAL^Ce^-^^^ 

Assuming  a  position  independent  electric  field,  the  hole  generation  rate  constant, 
C,  was  found  by  fitting  Eq.  (5.16)  to  the  measured  noise  data  in  the  drift  dominant 
regime  resulting  in  C  =  9.4  x  lO^cm-^s-^.  Fig.  5.9  shows  the  measured  noise  plateau 
values  versus  applied  reverse  bias  voltage  for  different  temperatures  and  the  results 
of  our  fit(solid  lines).  Note  that  Eq.  (5.16)  explains  the  magnitude  of  the  noise  and 
its  current  dependency  very  well  for  all  temperatures  considered. 

Once  the  generation  rate  constant  has  been  determined,  the  noise  current  spectral 
density  in  the  diffusion  dominant  regime,  written  as 

S.=4q'NAKCe^-'^)(^^y  (5.17) 

can  be  used  to  determine  Ld  by  fitting  Eq.  (5.17)  to  the  measured  noise  data  in  this 
regime.  The  low  field  diffusion  length,  Ld,  was  found  to  be  450  A.  With  this  value 
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for  Ldi  the  current  noise  spectral  densities  in  the  diffusion  dominant  regime  were 
;  calculated  and  plotted  in  Fig.  5.9,  using  the  dashed  lines,  for  different  temperatures 
showing  that  there  is  a  good  agreement  between  theory  and  experiment  in  terms  of 
noise  magnitude  and  its  current  dependence  for  all  temperatures  considered. 

5.6.2    Capture  cross-section  for  hole  trapping  in  the  quantum  well  ground  states 
From  the  drift  dominant  current  noise  component  we  found: 

C  =  NaNyVth(Tp  =  9.4  X  10^° 

To  explain  this  value  of  C  and  derive  a  value  of  ap  within  the  context  of  the  hole 
transport  mechanism  and  the  quantum  well  characteristics  we  propose  the  following 
model. 

The  thermally  generated  heavy  holes  will  move  via  drift  or  diffusion  in  the  barrier 
region  to  a  neighboring  quantum  well.  These  quantum  wells  are  doped  with  Beryllium 
acceptors  to  a  concentration  of  2  x  W^cm~^,  which  results  in  an  inter  acceptor  spacing 
of  about  100  A.  Since  the  well  width  is  only  48  A,  these  acceptors  basically  form 
a  monolayer  thin  plane  of  nearly  neutral  charge  centers.  The  holes  approaching  this 
monolayer  with  a  thermal  velocity  determined  by  barrier  parameters  will  interact 
with  these  Be-centers  triggering  a  recombination  process  which  results  in  the  holes 
reaching  the  HHl  bound  states.  Assuming  ineffective  screening  of  the  Be  nuclei 
due  to  the  two  dimensionality  of  the  surrounding  electron  gas,  we  approximate  the 
Be  perturbation  potential  by[49]  where  Z  is  the  atomic  number  of  Be,  equal 

to  4.  The  holes  impinging  on  the  Be-centers  gain  kinetic  energy  by  crossing  the 
barrier/well  interface.  Hence  to  determine  the  effective  scattering  cross  section,  <Tp, 
of  the  Be-centers  embedded  in  the  quantum  wells  we  equate 

Zq^ 

^     =Ek  +  EtH  (5.18) 
from  which  <Tp  =  xr^  can  be  calculated.  Eth=kT  is  the  thermal  energy  of  the  holes  in 
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the  barrier  region.  This  equation  reflects  that  holes  with  energy  less  than  the  total 
energy,  stated  in  the  right  hand  side  of  Eq.  (5.18),  are  subject  to  scattering,  triggering 
a  recombination  process  whereas  holes  with  energies  higher  than  the  energy  stated 
do  not  sense  the  perturbation  potential  and  continue  their  path  unperturbed. 

Selecting  a  temperature  near  the  middle  of  our  temperature  range,  we  calculate, 
at  T=100K,  that  (Tp{lOOK)  =  1.9  x  10"^^cm^  The  measured  value  for  CTp  follows 
from  C  =  NaNyVth<Tp  =  9.4  x  lO^°cm-^s-\  Using  =  2  x  lO^^cm"^  and  bulk  GaAs 
values  for       and  Vth,  we  find  at  lOOK 

<^P«p  =  2-6  X  lO'^^cm^ 

which  is  in  good  agreement  with  the  predictions  of  the  model  outlined  above. 

5.7  Conclusion 

The  dark  current  noise  measurements  show  that  the  noise  of  the  p-type  QWIP 
under  study  can  be  attributed  to  number  fluctuation  noise  associated  with  the  gen- 
eration and  recombination  of  holes  from  and  to  the  quantum  well  ground  states 
and  the  valence  band  extended  states.  At  low  bias  voltage,  the  number  fluctuation 
noise  translates  into  current  fluctuation  noise  via  the  diffusion  mechanism.  When 
the  applied  bia^  increases,  charge  transport  becomes  drift  dominant  and  the  number 
fluctuation  noise  couples  to  current  noise  via  the  hole  drift  mechanism  resulting  in  a 
strong  current  dependence. 

In  addition,  we  found  that  the  stress  in  the  device  does  not  generate  a  significant 
amount  of  excess  noise.  Inspection  of  the  measured  spectra  indicates  that  the  excess 
corner  frequency  lies  below  100  Hz  for  the  QWIP  under  study.  Using  the  model 
presented  in  this  chapter,  the  low  field  diffusion  length  wcis  extracted  to  be  450  A 
which  indicates  that  holes  thermally  generated  in  a  quantum  well  travel,  on  average, 
one  period  before  they  trap  into  nearest  neighbor  quantum  wells.    This  trapping 


88 


process  is  triggered  by  hole  scattering  with  Be  acceptor  centers  of  which  the  scattering 


cross 


section  was  measured  to  be  ap  =  2.6  x  10  ^^cm^. 
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Figure  5.1  Dark  current  versus  applied  bias  voltage  for  different 
temperatures. 
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Figure  5.2  Dynamic  resistance  versus  applied  bias  voltage  for  different 
temperatures. 
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Figure  5.3  Current  noise  spectral  density  versus  frequency  at  81K. 
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Figure  5.4  Current  noise  spectral  density  versus  frequaicy  at  89K. 
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Figure  5.5  Currait  noise  spectral  density  versus  frequency  at  lOOK. 
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Figure  5.6  Current  noise  spectral  density  versus  frequency  at  112K. 
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Figure  5.7  Current  noise  spectral  density  versiis  frequoicy  at  130K. 
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Figure  5,8  Current  noise  spectral  density  versus  dark  currait  for 
different  t  emp  erat  ures . 
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Figure  5.9  Experimental  and  theoretical  current  noise  spectral  density 
versus  bias  voltage  for  different  temperatures. 


CHAPTER  6 
,     QWIP  DESIGN  CRITERIA 

6.1  Introduction 

To  evaluate  the  performance  of  a  QWIP,  the  specific  detectivity  (£>*)  is  the  most 
often  used  figure  of  merit.  In  a  QWIP  design,  D'  maximization  is  an  important  issue 
to  ensure  a  good  performance.  Some  articles  focus  on  increasing  the  responsivity 
by  increasing  the  quantum  efficiency[51]  while  others  discuss  reducing  the  current 
noise  by  reducing  the  dark  current [16].  However,  most  of  the  study  address  aspects 
of  novel  QWIP  structures.  There  is  no  systematic  study  on  the  dependence  of  the 
design  parameters  as  they  apply  to  a  more  or  less  standard  QWIP. 

The  purpose  of  this  chapter  is  to  find  the  effects  on  D'  caused  by  a  change  in 
design  parameters.  Therefore,  a  simplified  D*  expression  will  be  derived.  In  this 
model  the  following  three  parameters  are  the  adjustable  design  parameters  which 
effect  the  value  of  the  detectivity;  number  of  quantum  wells,  doping  concentration  of 
the  quantum  wells,  and  the  effective  mass  of  the  mobile  carrier. 

Using  the  measured  QWIP  data,  the  dependency  of  D*  on  these  three  design 
parameters  was  obtained.  Subsequently,  D'  values  were  calculated  and  plotted  as  a 
function  of  these  design  parameters  revealing  that  a  maximum  in  D*  can  be  achieved. 
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6.2    Specific  Detectivity  of  QWIPs 
6.2.1    Definition  of  the  specific  detectivity  D* 

Let  us  assume  that  the  QWIP  acts  as  an  ideal  photodetector.  If  IR  radiation 
with  a  constant  power  P  is  incident  upon  a  QWIP,  the  photocurrent  generated  by 
this  incoming  photon  stream  is 

/p  =  qv£;9or  (6.1) 

where  q  is  the  charge  of  the  mobile  carrier,  uj  is  the  radian  frequency  of  the  incident 
photon,  T)  is  the  quantum  efficiency,  and  g^p  is  the  photocurrent  gain  of  the  QWIP [53]. 
The  current  responsivity  is  defined  as  the  ratio  of  the  photocurrent  over  the  power 
of  the  incident  photon  flux.  In  the  actual  measurement,  the  incident  photon  flux 
is  usually  chopped  resulting  in  a  current  responsivity  dependent  on  photon  radian 
frequency,  w,  as  well  as  on  chopping  frequency  /. 

=  i  =  i|^  (6.2) 

In  order  to  calculate  D*,  the  noise  equivalent  power  (Pe,)  needs  to  be  calculated 
first.  By  definition,  P^g  is  the  input  optical  power  for  which  the  signal-to-noise  ratio 
equals  one.  Using  Eq.  (6.2),  the  noise  equivalent  power  is 


where,  5,(/)  is  the  total  current  noise  spectral  density  of  the  QWIP  and  A  is  the 
device  area. 

Since  the  specific  detectivity  is  the  inverse  of  the  noise  equivalent  power  when 
A/  =  1  Hz  and  A  =  I  cm?^  we  have 

«>./)  =  ^-zr^=:^%^  (6.4) 
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6.2.2    Current  gain  and  current  noise  spectral  density 

The  noise  components  contributing  to  the  overall  output  current  noise  of  a  QWIP 
can  be  classified  into  three  categories:  The  current  noise,  denoted  as  5f  \  is  produced 
by  the  blackbody  background  photon  field.  The  noise,  Sl°^\  stemming  from  incident 
radiation  is  called  photoinduced  signal  noise.  The  third  noise  component  is  indepen- 
dent of  the  photon  field  and  is  called  spontaneous  device  noise  5^ The  total  QWIP 
noise,  measured  at  the  device  terminals,  is  equal  to  the  superposition  of  these  three 
noise  sources. 

For  most  of  the  QWlPs,  the  current  gain  is  much  less  than  one  and  they  are 
operated  in  the  non-BLIP  regime  resulting  in  Sl°^^  and  5f  ^  much  less  than  Sl'^\  The 
overall  current  noise,  5,,  then  can  be  approximated  by  the  device  noise  S-'^\  Using 
the  noise  model  presented  in  chapter  5,  the  expression  for  the  noise  current  plateau 
values  in  the  drift  dominant  regime  is 

NAL^g 

where  Id  is  the  dark  current,  N  is  the  number  of  quantum  wells,  L^,  is  the  width 
of  the  quantum  well,  and  g  is  the  thermal  carrier  generation  rate  density.  Since  the 
noise  gain  is  identical  to  photocurrent  gain  in  this  regime  of  operation,  Qop  can  be 
calculated  as 

  Si    Id  /c 

^"''^Td'  qNAL^g  ^  ■ 

To  calculate  the  effective  absorption  length  for  incident  light,  we  need  to  consider 
the  following  QWIP  features:  Due  to  the  structure  of  QWIP,  only  the  quantum 
wells  absorb  incident  radiation.  In  addition,  multiple  reflection  at  the  interface  of 
semiconductor  and  air  leads  to  a  number  of  passes,  m,  of  the  incident  photon  through 
the  QWIP.  The  total  distance  for  absorption  becomes  mNL^.    If  the  absorption 
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coefficient  for  a  QWIP  quantum  well  is  a,  the  quantum  efficiency  can  be  expressed 


as 


^  =  1  _  e-miVL.a  (6  J) 


As  a  result,  D*  from  Eq.  (6.4)  can  be  expressed  as 

D-  =  (6.8) 

6.3    Absorption  Coefficient 

To  calculate  the  absorption  coefficient  a,  knowledge  about  the  wavefunction  of  a 
carrier  in  the  quantum  wells  is  required.  Since  the  purpose  of  this  chapter  is  to  find 
the  parameters  to  maximize  the  specific  detectivity,  a  simplified  model  for  absorption 
is  presented  in  this  section.  Using  this  model,  the  dependency  of  the  absorption 
coefficient  on  the  design  parameters  is  determined. 

6.3.1    General  expression  for  the  photon  induced  transition  probability 

The  Hamiltonian  for  the  interaction  between  the  incident  radiation  and  the  car- 
rier can  be  written  as[54] 

i7„  =  qAWP  (6.9) 

where,  q  is  the  charge  of  the  carrier,  A  =  Aoc"^'  is  the  vector  potential  of  the  incident 
light,  P  is  the  momentum  operator,  W  is  the  3x3  inverse  effective  mass  tensor  taking 
into  account  the  anisotropic  nature  of  the  band  structure.  Without  illumination,  the 
wavefunction  of  a  carrier  at  the  energy  state  is  ^n-  Once  the  system  is  perturbed 
by  incident  radiation,  the  transition  probability  of  a  carrier  between  the  ground  state, 
Eo,  and  the  m"*  excited  state,  Em,  using  first-order  perturbation  theory,  is  given  by 

where  =<  1'm|^^ex|1'o  >,  =  Em  -  Eq  -  hu,  and  r  is  the  lifetime  of  the 
carrier  in  the  m*''  excited  state. 
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If  we  define  the  growth  direction  of  the  sample  as  z  axis  and  the  plane  perpen- 
dicular to  this  direction  as  the  xy  plane,  the  wavefunction  of  the  m}^  excited  state 
is 

*m(k)  =  ^^(z)u(r)e'^''  (6.11) 

where  u(r)  is  the  Bloch  function,  and  k  =  (^x,^y)  and  p  are  the  wave  vector  and 
coordinate  in  the  xy  plane,  respectively.  <^.m.{z)  is  the  envelope  function  and  satisfies 
the  following  condition: 


<^m{z)  =  EmKiz)  (6.12) 


2 

where  V{z)  is  the  potential  energy.  In  a  QWIP,  the  intersubband  transition  occurs 
only  when  the  momentum  is  conserved  in  the  xy  plane.  For  the  transition  between 
the  ground  state  and  the  m"*  excited  state,  the  perturbation  Hm  is 

Hm  =<  ^m{k)\qA  W  P|^o(k)  >=  q  <  <l>m\Pz\<i>0  >  (6.13) 

i=x,y,z 

The  average  transition  probability  per  unit  time  can  be  expressed  as  a  function  of 

Let  us  assume  that  the  energy  band  in  the  xy  plane  can  be  approximated  as 
parabolic  resulting  in  Em{k)  -  Eo{k)  =  Em-  Eq.  In  addition,  since  the  Fermi  energy 
Ef  is  far  below  the  first  excited  state  Ei  we  have  /[£„(k)]  w  0  and  the  density  of 
states  in  the  k-plane  including  the  spin  degeneracy  is  2/(27r)2  per  unit  area.  The 
probability  of  a  carrier  scattered  away  from  the  ground  state  into  the  m*''  excited 
state  becomes [55] 

Sm  =     J^f[Eo{k)]gm{k)  (6.15) 

where  /[(£:o(k)]  is  the  Fermi  distribution  function.  If  we  introduce  a  two  dimensional 
density  of  states  No[E{k)],  the  integration  can  be  carried  out  over  the  energy  space, 
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r  dE{k)No[E{k)]gm{k) 

JEo 


(6.16) 


where  N,  =  /~  dE{k)No[E{k)]f[Eo{k)]  is  the  sheet  density  of  the  carriers  in  the 
quantum  well. 

6.3.2    A  simplified  model  for  the  absorption  coefficient 

Due  to  the  structure  of  the  QWIP,  i.e.  doped  quantum  wells  and  undoped  barri- 
ers, only  quantum  wells  absorb  the  incident  radiation.  By  definition,  the  absorption 
coefficient  is  the  energy  absorbed  per  unit  time  in  a  unit  volume  divided  by  the  energy 
flux.  Therefore,  the  absorption  coefficient  of  a  QWIP  is[55] 

"(^)  =  —r-  (6.17 

where,  p  =  ctsA^uj^  12  is  the  average  energy  flux  of  the  radiation,  t,  is  the  permittivity 
of  the  quantum  well,  and  c  the  velocity  of  the  light  in  free  space. 

Consider  a  simplified  case  in  which  the  energy  barriers  of  the  quantum  wells 
are  infinite  and  the  W  tensor  has  no  off-diagonal  elements.  The  perturbation  for  a 
transition  from  ground  state  to  the  first  excited  state  is[56] 


where  W^z  =  l/m*  and  A  =  A^.  The  absorption  coefficient  oi\riu=(Ei-Eo)  becomes 


a  = 


(6.19) 


If  the  energy,  E,  of  a  carrier  is  the  lifetime,  r,  can  be  estimated  from  the 
uncertainty  principle,  AE  -  t  >h/2.  Therefore, 


r  > 


h  m* 


2AE  2hkAk 


(6.20) 
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The  uncertainty  principle  in  the  momentum  space  states  that  Ax  •  Ak  >  1/2.  Since 
the  carrier  is  confined  in  the  quantum  well  resulting  in  Ax  =  L^,  the  uncertainty  Ak 
is         Using  Eq.  (6.20),  the  lifetime  can  be  approximated  as 


r-^^L.  (6.21) 

Assuming  carriers  in  a  QWIP  are  fully  ionized  and  occupy  the  quantum  well  ground 
state,  the  sheet  density  is  approximately  equal  to  N^L^,  where  is  the  doping 
concentration  of  the  wells.  The  absorption  coefficient  becomes 

From  the  above  simplified  absorption  coefficient,  D'  can  be  written  as  a  function  of 
N,  Nd,  and  m*. 

\  —  e  9ct3Lu;(wm«)3/2 

D'  =  — -==   (6.23) 

6.4    Detectivity  Maximization 

Based  on  the  D'  expression  in  the  previous  section,  three  parameters,  namely  the 
number  of  quantum  wells  {N),  doping  concentration  (A^<i),  and  the  effective  mass  (m*), 
can  be  independently  adjusted  for  optimal  QWIP  design.  In  this  section,  a  p-type 
strained  layer  QWIP  is  examined  to  investigate  the  results  of  parameter  variation. 
Table  6.1  lists  the  actual  device  parameters  of  this  QWIP,  where  tr  is  the  dielectric 
constant. 

Since  this  QWIP  has  no  antireflection  (AR)  coating  on  the  surface  of  the  QWIP, 
the  power  transmission  from  air  into  the  device  is  about  70%.  Once  the  transmitted 
light  passes  through  the  QWIP,  upon  the  reflection  at  the  top  semiconductor/gold 
contact  interface,  over  90%  of  the  internal  power  will  be  reflected  back  into  the  QWIP. 
When  this  reflected  light  passes  through  the  QWIP  and  reaches  the  semiconduc- 
tor/air interface,  only  30%  of  the  internal  power  will  be  reflected  again  back  into  the 
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QWIP.  After  three  internal  reflections  at  the  semiconductor/gold  contact  interface 
and  two  internal  reflections  at  the  semiconductor/air  interface  (m=6),  the  power  of 
the  reflected  radiation  will  drop  below  4.5%  of  the  initial  incident  power.  Using  the 
parameters  in  Table  6.1,  the  absorption  coefficient  calculated  from  Eq.  (6.22)  is  1500 
cm-\  In  a  QWIP,  the  excited  state  is  delocalized  so  that  the  photocarriers  are  more 
mobile  than  in  the  ideal  quantum  well  system  resulting  in  a  longer  carrier  lifetime. 
Therefore,  the  absorption  coefficient  of  a  QWIP  is  smaller  than  the  estimated  value 
from  Eq.  (6.22).  In  this  section,  three  arbitrary  a  values,  500,  1000,  and  1500  cm"^ 
are  selected  for  the  calculation  to  cover  the  most  practical  ranges  of  the  absorption 
coefficient  of  QWIPs. 

6.4.1  Dependency  on  the  number  of  quantum  wells 

Using  Eq.  (6.8)  and  the  parameters  listed  in  Table  6.1,  versus  N  is  plotted 
in  Fig.  6.1  for  three  a  values.  The  D'  value  increases  an  order  of  magnitude  when 
the  number  of  quantum  wells  increases  from  1  to  50.  Once  N  is  larger  than  50,  the 
increase  of  D'  slows  down.  For  example,  D'  value  increases  only  50%  from  N  =  50  to 
N  =  200  for  a  =  1000  cm-\  In  practice,  for  a  QWIP  without  AR  coating  treatment 
on  the  device  surface,  it  is  not  worth  to  increase  the  number  of  quantum  wells  beyond 
N  =  50. 

6.4.2  Dependency  on  the  doping  concentration 

From  chapter  5,  the  carrier  generation  rate  is  a  function  of  doping  concentration, 

g  =  NiV^t^cN^e-'^""''  =  C^N,  (6.24) 

If  the  absorption  coefficient  in  Eq.  (6.22)  can  be  expressed  as  a  =  C2Nd^  D*  in 
Eq.  (6.23)  can  be  written  as 

1  1  --mNLwCoNd 
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Ci  is  calculated  to  be  500  s"^  at  lOOK  based  on  the  parameters  listed  in  Ta- 
ble. 6.1.  Figure  6.2  shows  D*  versus  doping  concentration  for  three  different  a  values 
and  the  corresponding  C2  values  are  2.5  x  10"^^,  5.0  x  10~^^,  and  7.5  x  10~^^  cm^, 
respectively.  According  to  Fig.  6.2,  the  specific  detectivity  increases  when  the  doping 
concentration  increases  until  D'  reaches  a  maximum.  The  maximum  in  D'  occurs 
around  Nd  =  3  x  lO^^cm"^.  For  a  smaller  absorption  coefficient  a  higher  doping 
concentration  is  required  to  maximize  the  detectivity. 

6.4.3    Dependency  on  the  effective  mass 

The  effective  mass  m'  of  the  quantum  well  depends  on  the  composition  of  the 
ternary  materials  used  in  the  QWIP  quantum  well  formation.  The  energy  state  in  a 
quantum  well  with  infinite  energy  barrier  is  En  =  (n  +  1)^  For  the  transition 

from  ground  state,  £^0,  to  the  first  excited  state,  Ei,  the  photon  energy  for  maximum 
absorption  is 

resulting  in 

Lu,  =  TrJ^^=  =  C3m'-''/''  (6.27) 
If  we  assume  that  the  dielectric  constant  of  the  quantum  well  is  nearly  constant  for 
most  of  the  QWIPs,  the  absorption  coefficient  can  be  expressed  as  a  function  of 
effective  mass, 

«  =  TJ^  Z  =  C,m*  (6.28) 

'  If  we  approximate  Vth  =  y/3kT/m'  and  N,  =  2{2Trm* kT/h^/^  the  coefficient 
of  the  thermal  carrier  generation  rate  density  in  terms  of  the  effective  mass  is 

^  =  ^^'V7;^''(-l^j     '^  =  Csm'  (6.29) 
As  a  result,  D'  in  Eq.  (6.23)  can  be  written  as 
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For  this  p-type  QWIP  at  lOOK,  C3  equals  1.0  x  10"^^  cm  yfg  and  C5  equals 
2.2  X  10***  cm~^ .  The  C\  values  for  three  different  absorption  coefficients  are 
2.25  X  10-^\  4.50  X  10-^\  and  6.75  x  10"^^  cm-^^-^  respectively.  Fig.  6.3  shows 
the  plot  of  D*  versus  m*.  The  upper  limited  of  the  m*  value  is  set  by  the  heavy  hole 
mass  of  GaAs  and  the  lower  one  by  InAs.  Obviously,  smaller  effective  mass  values 
result  in  a  larger  D' . 

6.5    Design  Criteria 

From  the  previous  analysis  of  the  spectral  specific  detectivity,  the  following  cri- 
teria can  be  derived  and  used  as  a  guideline  for  a  QWIP  designer: 

',  •  For  QWIPs  with  no  surface  treatment,  the  best  choice  for  the  quantum  well 
number  ranges  from  20  to  50  depending  on  the  value  of  the  absorption  coeffi- 
cient.  The  larger  the  absorption  coefficient,  the  smaller  the  N  value  requires  to 
give  a  relative  large  D' . 

•  The  doping  concentration  of  the  quantum  wells  needs  to  be  chosen  around 
3  X  10^^  to  1  x  10^°  cm~^  to  obtain  a  maximum  in  D" .  Figure  6.2  shows 
that  a  smaller  absorption  coefficient  value  in  a  QWIP  requires  a  higher  doping 
concentration  to  reach  the  maximum  D' .  For  the  n-type  QWIPs,  due  to  the 

\       limitation  of  MBE  technology,  the  doping  concentration  can  not  increase  up  to 
10^°cm"^.  In  that  case,  Ni  needs  to  be  chosen  as  high  as  possible. 

•  The  effective  mass  in  the  quantum  wells  is  determined  by  the  materials  used  in 
!  the  QWIP  quantum  well  formation.  Obviously,  a  smaller  effective  mass  gives 
'      a  better  specific  detectivity.  In  general,  the  heavy  hole  ma^s  in  InAs  is  about 

0.35mo  and  the  heavy  hole  mass  in  GaAs  or  AlAs  is  about  0.5mo.  From  our 
analysis,  an  increase  in  the  Indium  percentage  in  the  InGaAs  ternary  will  lower 
the  effective  mass  and  results  in  a  better  detectivity.  The  situation  is  similar 
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for  n-type  QWIPs  because  the  effective  mciss  in  InAs  is  also  the  smallest  among 
the  materials  available. 


Table  6.1:  Parameters  of  the  p-type  strained  layer  QWIP. 


r(K) 

hu  (eV) 

N    Ni  (cm-3) 

(A) 

m*  (mo)    g  (cm       ^)  tr 

100 

0.124 

20     2  X  lO^^ 

48 

0.5             10^1  13.2 
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Figure  6.1  Specific  detectivity  (D*)  vs.  number  of  quantum  well  (N) 
for  three  different  values  of  absorption  coefficiait(a). 
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Figure  6.2  Specific  detectivity  (D*)  vs.  quantum  well  doping  concentration  (N^) 
for  three  different  values  of  absorption  coefficient  (a). 
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Figure  6.3  Specific  detectivity  (D*)  vs.  quantum  well  effective  mass  (m*) 
for  three  different  values  of  absorption  coefficiait  (a). 


CHAPTER  7 
CONCLUSIONS  AND  RECOMMENDATIONS 


7.1  Conclusions 

In  this  dissertation,  studies  of  both  the  QWIP's  dark  current  and  noise  charac- 
teristics have  been  carried  out.  Several  conclusions  can  be  drawn  from  our  results. 

•  The  current-voltage  characteristic  of  a  BTM  QWIP  can  be  modelled  using  a 
modified  thermionic  emission  theory  coupled  with  an  image  lowering  effect. 
Good  agreements  between  the  modelled  and  measured  dark  current  indicate 
that  the  charge  transport  process  is  emission  limited.  Our  dark  current  studies 
clarify  the  vague  understanding  of  the  QWIP's  transport  mechanism. 

•  Dark  current  noise  measurements  between  10^  and  10^  Hz  were  carried  out 
for  different  types  of  III-V  QWIPs  at  different  temperatures.  The  noise  level 
is  independent  of  frequency  at  low  and  medium  applied  bias  voltages  which 
are  used  in  the  operation  of  the  QWIPs.  When  the  bias  voltage  increases  to 
causing  a  significant  amount  of  current  to  flow  through  the  device,  1  /f-like  noise 
becomes  large  and  starts  to  dominate  the  spectra.  In  general,  an  IR  detector 
should  operate  at  a  bias  voltage  and  electrical  frequency  where  1 /f-like  noise 
is  absent  to  ensure  good  noise  performance.  Our  noise  measurements  provide 
these  voltage  and  frequency  ranges  for  operation. 

•  The  measured  spectra  indicate  that  stress  in  the  QWIPs  we  measured  does  not 
generate  a  significant  amount  of  excess  noise.  Even  the  strain  introduced  in  the 
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p-type  QWIP  on  purpose  to  enhance  normal  incident  IR  radiation  absorption 
does  not  degrade  its  noise  performance.  As  a  matter  of  fact,  good  interface 
quality  can  be  achieved  even  with  such  an  intended  strain  in  the  p-type  QWIPs. 

•  The  noise  plateau  levels  are  attributed  to  number  fluctuation  noise  associated 
with  the  generation  and  recombination  of  carriers  from  and  to  the  quantum 
well  ground  states  and  the  extended  continuous  states.  In  equilibrium,  the  cur- 
rent noise  spectral  density  of  the  g-r  noise  conforms  to  the  well-known  Nyquist 
expression. 

•  At  low  bias  voltage  the  number  fluctuation  noise  translates  into  current  fluctua- 
tion noise  via  the  diffusion  mechanism.  When  the  applied  bias  increases,  charge 
transport  becomes  drift  dominant  and  the  number  fluctuation  noise  couples  to 
current  noise  via  the  drift  mechanism  resulting  in  a  strong  current  dependence 
of  the  current  noise  plateau  level. 

•  A  noise  model  based  on  priori  known  quantities  was  developed  to  predict  the 
current  noise  levels  in  both  diffusion  and  drift  limited  regimes.  Based  upon  this 
model,  the  low  field  carrier  diffusion  length  and  the  capture  cross  section  for 
carrier  trapping  in  the  quantum  wells  could  be  extracted  from  the  noise  data. 

•  The  trapping  process  of  carriers  travelling  through  the  quantum  well  regions 
is  triggered  by  carriers  scattering  with  the  donor  or  acceptor  centers.  Carriers 
with  an  energy  lower  than  the  donor  or  acceptor  perturbation  potential  energy 
are  subject  to  scattering  which  triggers  a  recombination  process  whereas  carriers 
with  higher  energies  do  not  sense  the  perturbation  potential  and  continue  their 
path  unperturbed. 

•  Under  low  applied  bias  voltage,  carriers  are  thermally  generated  from  the  quan- 
tum well  ground  states  and  then  travel,  on  the  average,  one  or  two  periods 
before  they  trap  into  the  neighboring  quantum  wells.  In  general,  the  carrier 
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lifetime  in  the  quantum  well  bound  states  is  much  larger  than  the  intra-well 
carrier  scattering  time  allowing  the  carriers  to  fully  thermalize  in  the  quantum 
wells.  The  thermalization  process  decouples  the  statistical  fluctuations  in  car- 
rier transport  through  a  barrier  region  from  one  section  to  the  next.  Therefore, 
a  QWIP  can  be  considered  as  M  statistically  independent  sections  in  series, 
where  M  is  equal  to  the  ratio  of  active  device  length  over  the  extended  state 
carrier  trajectory. 

•  Maximum  detectivity  can  be  achieved  by  properly  adjusting  the  design  parame- 
ters such  as  doping  concentration  and  number  of  the  quantum  wells.  In  order  to 
have  a  large  detectivity,  materials  with  a  small  effective  mass  are  recommended 
for  forming  the  quantum  wells.  ■  t, 

7.2    Suggestions  for  Further  Research 
Extensions  of  this  research  are  proposed  as  follows: 

1.  The  carriers  inside  the  quantum  wells  are  generated  by  either  thermal  or  photo 
excitation  processes.  Once  the  carriers  are  generated,  they  experience  the  same 
transport  mechanism,  independent  of  their  excitation  source.  In  equihbrium,  a 
generated  carrier  has  equal  probability  for  transferring  to  the  next  quantum  well 
on  the  anode  or  cathode  side  resulting  in  a  zero  mean  current  in  the  external 
circuit.  Therefore,  at  zero  biais  the  optical  gain  is  zero  while  the  noise  gain  which 
is  an  a.c.  quantity  is  not.  At  larger  bias  voltage,  all  the  generated  carriers  move 
in  one  direction,  the  noise  gain  and  optical  gain  becomes  identical.  Further 
study  should  focus  on  finding  the  noise  gain  interpretation  under  equilibrium 
and  low  bias  voltage  condition. 

2.  Infrared  imaging  is  the  main  purpose  for  fabricating  and  studying  QWIPs. 
Many  researchers  have  focused  on  design  and  fabrication  of  Infrared  Focal  Plane 
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Array  (FPA)  systems[57]-[59].  In  this  dissertation,  our  studies  mainly  addressed 
on  the  single  device  level.  The  next  step  of  study  should  focus  on  the  system 
level  of  FPA  using  QWIPs  as  the  detecting  elements  and  emphasize  on  such  is- 
sues as  noise  equivalent  temperature  difference  (NETD),  detectivity  uniformity, 
and  FPA  system  design. 
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